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Experiment. — To show that , for a given current passing 
through a given coil, the rise in temperature is proportional 
to the time during which the current passes, i.e. 0oc£. Use 
the same apparatus as before. Maintain a steady current in 
the circuit and take readings of the thermometer at appro- 
priate equal intervals of time. The rate of rise of temperature 
should be approximately constant. 

Before proceeding to the next paragraphs the student 
should become acquainted thoroughly, if not already so, with 
the quantities involved in any mechanical system. 

Work is the overcoming of resistance, and is measured by 
the product of a force and the distance the point of applica- 
tion moves through in the direction of the force. 

If the force is 1 dyne and the distance is 1 cm., then the 
work done is 1 erg, which is the fundamental unit of work. 

The Energy of a body is measured by its capacity for doing 
work. 

Power introduces the question of the time in which a certain 
amount of work can be performed. 

Hence Power =Rate of doing Work 

Work done (or Energy) 

~~ Time 

Heat Units. — When heat is generated in a conductor by 
the passage of a current, the electrical energy put into the 
conductor is converted into heat energy. The two principal 
units in terms of which heat is measured are, (1) the British 
Thermal Unit and (2) the calorie. These are defined as 
follows : 

The British Thermal Unit (B.Th.U.) is the quantity of 
heat that is required to raise the temperature of 1 lb. of water 
through 1° F. 

The Calorie is the quantity of heat that is required to raise 
the temperature of 1 gram of water through 1° 0. 

The Grand Calorie is a unit which is sometimes used by 
e ngi neers. It is equal to 1,000 calories. 

The electrical unit of energy is the Joule» which is the energy 
developed in a resistance of 1 ohm when a current of 1 ampere 
flows through it for 1 second. 

i.e. Joulee = I 2 R< = XV« = I? 
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where I, V, R and t are expressed in amps., volts, ohms and 
secs, respectively. 

Farther, if all the energy supplied in electrical form to any 
resistance is converted into the form of heat energy (H), then 
the equivalence between these two forms of energy may be 
written as 

J. H.= I z Bt 

where H is expressed in calories, I z Bt in joules , and J is a 
factor known as Joule’s Equivalent. In a classical investiga- 
tion extending over a long period of time. Joule showed hy a 
series of careful experiments that J was a constant and equal 
to 4*19 (i.e. approximately 4*2). 

i.e. 1 calorie is equivalent to 4.19 joules 
or 1 joule =0*239 calorie. 

Rewriting the above relation, H = calories 
But 1 lb. = 453*6 gms. and 1° F. = 0. 

.*. 1 British Thermal Unit =453*6 X || = 252 calories. 

HenC6H =S^62 B - ThU - 

Electrical Units. — Now it has been stated (page 79) 
that the Absolute Electro-magnetic Unit (E.M.U.) of Current 
=10 Amperes. 

.*. the E.M.U. of Quantity =10 Coulombs, where the coulomb 
is the practical unit of quantity, and Coulombs = Amps. X Secs. 
(see page 64). 

The E.M.U. of potential is defined as the P.D. between two 
points if 1 Erg of work is done in moving the E.M. U. of Quantity 
from one point to the other against the electrical force . 

Volt 

The E.M.TJ. of potential — ^^g-, where the volt is the prac- 
tical unit of electric potential. 

.*. it follows that 1 joule=IV2=(I$)V 

=(1 ampere X 1 sec.) X 1 volt. 

=1 coulomb xl volt. 

=10 -1 X 10 s ergs. 

i.e. the Practical Unit of Work=l joule= 10 7 ergs. 
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Determination of the Number of Joules in a Calorie. 
Experiment. — A battery B (Fig. 105) is connected in series 
with an ammeter A, a rheostat R, and a coil H, the latter 
being immersed in water contained in a calorimeter. A 
voltmeter, V, is connected across the terminals of the coil as 
shown. When a current passes through the circuit the coil 
becomes heated and the temperature of the calorimeter and 
the contained water is raised. The initial and final tempera- 
tures after a time t secs, should be noted. If 

m =mass of water contained in the calorimeter. 
m c =mass of copper calorimeter. 
s e =sp. heat of copper. 

e°C=rise in temperature of the calorimeter and contents. 
Then heat developed in the calorimeter =(m-{-m c s c ) x 0 
calories. Also, if 

V=potential difference (volts) between the terminals of 
the coil. 

I=current (amps.) flowing through the coil. 

and t =time (secs.) during which the current flows in order that 
the temperature should be raised through 0° O. 

Then, heat developed =VIi joules. 

.*. (m+m c s e ) x 0 calories =VB joules. 

Vlt 

and 1 calorie = j—. r — - joules. 

Example. — A current of 2*5 amperes is passed through a 
coil of wire whose resistance is 5*4 ohms for 5 minutes. Find 
the heat developed in the coil (1) in joules, and (2) in calories. 
(J =4*2 joules/calorie.) 

Heat=I 2 Ito joules 

=(2*5) a x 5*4x5x60 joules 
=10130 joules 

*10130 , . . . 

= • calories ==2412 calories. 

Example . — A current of 4 amperes flows through a coil of 
12*5 ohms resistance for 1 minute. Determine in joules the 
amount of heat developed in the coil. Determine also what 
current would generate twice as much heat in the coil in half 
the time. 
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Heat=I 2 R$ joules 

=(4) 2 x 12*5 x 60 joules 
=12,000 joules. 

Let Ijl amperes be the current that would generate twice as 
much heat in the coil in half the time, i.e. in 30 seconds. Then 


I^X 12*5x30 =12,000. 



12,000 

12*5x30 


= 32*0 


.*. I 1 = 5*7 amperes. 


Example . — A coil of wire whose resistance is 50 ohms is 
completely immersed in 2 pints of water contained in a vessel. 
The ends of the coil are connected to a 200- volt supply mains 
and a current is allowed to pass through it for 5 minutes. 
If the initial temperature of the water is 59° F., what is the 
final temperature % (1 gallon of water weighs 10 lbs.) 


Current flowing through the coil=I= 


200 

50 


=4 amps. 


Let R=resistance of the coil. 


Then, heat developed in the coil in 5 minutes =I 2 R£ joules 

=4 x 4 x 50 x 5 x 60 joules 
=240,000 joules 
. 240,000 

— 4*2 x 252 B * Th U * 

=226*8 B.Th.U. 

Weight of 2 pints of water =2*5 lbs. 


Let the increase in the temperature of the water be t° F. 
Then the heat developed in the water =2 *52 B.Th.U. 

.*.2*52=226*8 
or £=90*7° F. 

.*. Final temperature of the water =59°+90‘7°=149*7° F. 


Rower. — It has been shown previously that 

1 joule=10 7 ergs, 
and 1 calorie =4* 19 joules 
Hence 1 calorie=4*19xl0 7 ergs. 

This quantity viz. 4*19xl0 7 ergs /calorie is known as the 
Mechanical Equivalent of Heal. 
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Now power is the rate of doing work. 
Electrical Power = EIeotrioaJ EnMgy 


Time 


Joules 


secs. 
= I.V.t 


t 

= IV 

= Watts 

(If I is in amps, and V in volts.) 

The practical unit of electrical power is the Watt. 

1 Watt = 1 Joule per second. 

The difference between a watt and a joule should be care- 
fully noted. 

A joule is a quantity of energy. 

A watt is a rate at which work is being done. 

If a current is flowing through a resistance and the P.D. in 
volts is multiplied by the current in amperes, the product gives 
the rate at which energy is consumed in watts, 

or Watts = Amps, x Volts. 


1 


Horse Power [H.P.)=550 ft.-lb. per sec. 

=550 X 453 "6 ffc.-gm. per sec. 

=550 x 453*6 x 30.48 cm.-gm. per sec. 
=550 X 453*6 X 981 x 30.48 cm. dyne per 
sec. 


i.e. 1 H.P.=746x 10 7 ergs, per sec. 
=746 joules per sec. 

=746 watts. 

Since 1 kilowatt =1,000 watts. 


746 3 

Then 1 H.P. = = g kilowatt (approx.). 


If work is done at the rate of one watt for one second, the 
work done is one watt-second or one joule. In one hour the 
work done will be one watt-hour, i.e. an equivalent to 3,600 
joules. 

For practical purposes the watt-hour is too sma ll to be used 
as a unit. The Board of Trade Unit (B.O.T.) is the kilowatt- 
hour. It is equal to 1,000 watt-hours, or 3,600,000 joules, 
and is the unit by which electricity is bought and sold. 



HEATING EFFECTS OF THE OtFBBENT 


137 


The kilowatt-hour can. be defined as the quantity of energy 
supplied in any time by a current at such a pressure that the 
product of volts, amperes and hours equals 1,000. 

Again, 1 H.P.=£ kilowatt (nearly). 

Hence 1 B.O.T.=l kilowatt-hour 

= ^ H.P. hour 

= 1*33 H.P . hour. 

It is interesting to note that 1 unit of electricity will keep a 
60-watt lamp alight for 16 hours, will boil about 14 pints of 



Fig. 106. 


water, will drive a sewing machine for a day of operate an 
all-mains wireless set for about 15 hours. Fig. 106 shows the 
registering dial of the usual type of household electricity 
meter. The student should verify that the reading is 7508 
units. 

Example . — An electric kettle whose water equivalent is 
100 gms. contains 900 gms. of water. When it is connected 
to a 210-volt main a current of 4 amperes flows through the 
heating element. If the original temperature of the water 
and kettle is 16° C. and the efficiency of the kettle is 80%, 
in what time will the water in the kettle be raised to the 
boiling point % 

The water equivalent of the kettle being 100 gms. means 
that the quantity of heat required to raise the total mass of 
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the material of the kettle through 1° C. is the same as that 

necessary to raise 100 gins, of water through 1° O. 

Let V volts be the potential difference across the mains, 

and I amperes the current through the circuit. Let 2 seconds 

be the required time. 

Total energy supplied = watts x time 

=V x I X 2 joules 

=210 X 4 x 2 joules 

=840 t joules 

840 2 , . 

= j-jr calories 
4*2 

=2002 calories. 

Since the efficiency of the kettle is 80%, the available 
80 

energy = X 2002 calories 
=1602 calories. 

This has to raise (100+000) gms. of water from 16° C. to 
100° G. The heat required for this is equal to (1,000 x 84) 
calories. 

.*.1602=84,000. 

. 84,000 

.*. <= -=— —=525 secs. 

160 


X 2002 calories 


.*. 2 = 


=525 secs. 


= 8f mins. 

Example . — An electric kettle has an efficiency of 85%. 
What will be the cost if it is used to raise 1 quart of water 
from 16° C. to the boiling-point if the cost of electricity is 
fd. pea: B.O.T. unit 1 (One gallon of water weighs 10 lbs.) 

1 quart of water weighs ~ lbs= ~ X 453*6 gms. 

.*. Number of calories required to raise 1 quart of water from 
16° 0. to 100° 0. = ~ X 453*6 x (100—16) 

Now 1 calorie =4* 19 joules. 

/.The electrical energy necessary to heat the water 

= 2 ~X 453*6 x 84 X 4*19 joules. 

But the efficiency of the kettle is 85%, i.e. 100 joules of 
electrical energy have to be supplied in order to obtain the 
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thermal equivalent of 85 joules. Hence the electrical energy 
which must be supplied to the kettle is 

^ X |x 453-6 X 84 x 4-19 joules 


and 


= 4*696 x 10 s joules or watt.-secs. 
4*696 x 10 s , .. ... 

- 3 ^ 06^00 M0Watt ‘ h01,rB 



4*696 

36*00 


pence = 0*0978 pence. 


Hot-Wire Instruments. — The action of hot-wire ammeters 
and voltmeters depends upon the expansion of a fine wire 
when heated by an electric current, an effect which was 
illustrated by the first experiment described in this chapter. 
In practice the length of wire that can be incorporated in a 
commercial instrument is small, and so a device has to be 


adopted to magnify the sag. 

Now if a current is passed 
through the wire AB (1%. 
107) the wire sags, and the 
silk thread XY, which is 
fixed to a hook at the mid 
point of AB, takes up the 
movement. This thread is 
wound at one point round a 
pulley P to the axle of which 
a pointer R is fixed. When 
any sag is produced by the 
current flowing in AB, it is 
taken up by the spring S and 
the pointer travels over the 
scale T. This scale is un- 
evenly divided, but is grad- 
uated to read P.D. or current 
according to the purpose of 
the instrument. As in the 
case of the moving coil 
type, if the instrument is 
to be used as an ammeter 
the wire AB is shunted, or 
if as a voltmeter a high 
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resistance is placed in series with AB. B is a zero adjusting 
screw. 

Since the heat developed in AB and the expansion are 
both directly proportional to the square of the current passing 
through the wire, it follows that the scale divisions are not 
equal. Obviously also, the direction of the motion of the 
pointer across the scale is independent of the direction in 
which the current flows, so that a hot-wire instrument is 
equally suitable for direct and alternating currents (page 266). 
In practice it is usually calibrated by means of a direct 
current. This type of instrument possesses the further 
advantage that it is not influenced by magnetic fields. There 
may exist, however, a certain amount of lag in the reading of 
the instrument, as the wire takes time to reach its final tem- 
perature; also the zero is liable to change. It is very important 
that the current passed through the instrument does not exceed 
the maximum value intended, as the wire AB through which it 
passes is very thin and is liable to fuse with only a small over- 
load of current. Since the wire has to withstand a high 
temperature it is usually made of platinum-iridium, of approxi- 
mately 0.1 mm. diameter. Eddy current damping (page 268) 
is employed in these instruments by fixing a light metal disc 
to the spindle of the pointer, this disc moving between the 
poles of a permanent magnet. 

Power Measurement. The Wattmeter . — In a direct 
current circuit the power expended in any portion of resistance 
R may be found by determining the PJD. (in volts) across that 
portion, together with the current (in amps.) flowing through 
it. The power in watts will be given by the product of the 
ammeter and voltmeter readings, i.e. Watts = Volts X Amps. 
There is an instalment, however, in which this multiplication 
is performed automatically as it were, and it is known as a 
wattmeter. 

The usual type of wattmeter is a dynamometer instrument 
and consists of moving and fixed coils. The fixed coils 0 
(Kg. 108) are wound with thick wire and are connected in 
series to carry the main current, while the movable coil P 
contains a large number of turns of fine wire and thus consti- 
tutes a high resistance, R, say. This “ pressure ” or “ volt- 
age ” coil is connected in series with a large non-inductive 
resistance X, and together they are placed in parallel with the 
portion of the circuit in which the power is to be measured. 
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It has been shown (page 77) that a current-carrying coil 
suitably suspended in a permanent magnetic held experiences 
a deflecting couple, which is proportional to the product of 
the field strength H and the current i. This result will 
obviously hold if the magnetic field is due not to a magnet 
but to a second current I passing in a suitably placed coil, 
and since this field H will be ocl (page 79) it is evident that 
the deflecting couple is ceil. 



Fig. 108 . 

Now if V be the P.D. of the supply then the current 
through the pressure coil is 

i=V/( R-fX). 

Hence the deflecting couple is ocil 

ocVI/(R-hX) 

ocVI since (R-f-X) is constant. But VI is the power supplied 
to the portion of the circuit under consideration, and therefore 
the deflecting couple is proportional to the power supplied. 

Furthermore, it is obvious that the couple will be inde<- 
pendent of the direction of the current in the external circuit, 
and hence the wattmeter may be used for power measurements 
on alternating current circuits. 
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QUESTIONS. 

]. What are the laws of the “heating effect of an electric current ” ? 
Describe briefly bow you would verify them experimentally. 

2. Define the calorie and the British Thermal Unit. Determine the 
number of calories in a British Thermal Unit. (1 lb. « 453*6 gms.) 

3. How many calories of heat are developed in half an hour in an electrio 
kettle which takes 6 amps, at 110 volts ? 

4. A coil of resistance 20 ohms is immersed in a calorimeter containing 
180 gms. of water and a current of 0*5 ampere is passed through the coil for 
five minutes. Calculate the rise in temperature of the water (1 calorie = 
4*2 joules.) 

5. Define the “ watt.” 

If the charge for electrical energy is 2d. a unit, find the cost of running 
(a) ten 60 watt lamps continuously for 12 hours, and (b) five 100 watt 
lamps continuously for 10 hours. 

6. What is the resistance of a 60 watt lamp which is to be used on a 
110 volt circuit ? 

What would it cost to run 10 such lamps in parallel for three hours- if 
the price of electricity is 6d. per Kilowatt-hour ? 

7. Define : Ampere, Ohm, and Volt. 

A 200 volt electric light installation consists of the following: ten 
lamps each 100 watts, eight lamps each 60 watts, and eight lamps each 40 
watts, all connected in parallel. 

If all the lamps are switched on, calculate : (a) the current taken from 
the mains ; (6) the cost of lighting for five hours if the price of electricity 
is 2d. per B.O.T. unit. (U.E.I., SI, 1932.) 

8. If the joint resistance of two coils connected in parallel is 1 ohm, and 
one of them alone has a resistance of 3 ohms, find the resistance of the 
other. Compare the heat produced respectively in the two coils when 
connected in parallel. (C. & 6., 1918.) 

9. An electric kettle used on a 210 volt supply takes a current of 1*5 
amps. If the efficiency of the kettle is 85%, how long will it take to raise 
the temperature of a kilogram of water from 16 deg. C. to the boiling 
point ? (1 cal. = 4*2 joules.) 

10. An electric radiator when used on a 210 volt circuit takes a steady 
current of 7*5 amps. How many (1 ) B.O.T. units and (2) British Thermal 
Units will be consumed by the radiator in one hour ? (1 watt = 0*00096 
B.TLU. per second.) 

11. The efficiency of an electric kettle is 85%. What will he the cost of 
using the kettle to raise two pints of water from 50 deg, F. to the boiling 
point, if Ike cost of electrical energy is 1 Jd. per B.O.T. unit ? (1 gallon of 
water weighs ten pounds.) 
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CHEMICAL EFFECTS OF THE CURRENT 

Passage of the Current through Liquids. — Some 
liquids, e.g. pure distilled water, ether, and paraffin oil do not 
conduct electricity. Mercury, which is the only metal which 
is a liquid at ordinary temperatures, conducts electricity in 
exactly the same manner as copper, iron, and other metals 
do. It becomes heated, but it undergoes no chemical change. 
Solutions of most of the salts, however, as well as some acids 
when diluted, conduct electricity and are decomposed dur ing 
the passage of the current. Faraday applied the term 
electrolysis to the process of decomposition, and the liquids 
themselves were known as electrolytes. The terminals by 
which the current enters and leaves the liquid were referred 
to as electrodes. That by which the current enters the liquid 
was called the anode, and that by which it leaves it was called 
the cathode. This nomenclature of Faraday is still retained. 

Electrolysis of Acidulated Water.— It has already 
been stated that pure water is a non-conductor of electricity. 
If, however, a little dilute 
acid is added to it a current 
will flow through it and 
oxygen gas is evolved at 
one electrode and hydrogen 
gas at the other. 

Experiment . — Pour some 
water to which a little 
dilute sulphuric acid has 
been added into a volumeter 
(F in Fig. 109 also Fig. 110). 

Join the terminals to which 
the electrodes are attached 
to a battery, rheostat, and 
key which are connected Fia. 109 . 
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in series as shown. When a current passes through the circuit, 
the liquid is decomposed and hydrogen gas is given off at 
the cathode (C), and oxygen gas at the anode (A). It is found 
that the hydrogen collects at twice the rate that the oxygen 

does. The action is re- 
presented by the equation 

2 H 2 0=2 H 2 -f 0 2 . 

The decomposition of 
acidified water by elec- 
trolysis may be utilised 
to determine the polarity 
of the Direct Current 
Lighting Mains. For this 
purpose two insulated 
leads are taken from the 
plug points and the bared 
ends are placed at a suit- 
able distance apart in a 
vessel containing ordinary 
tap water, which is suffi- 
ciently conducting. On 
switching-on the current, 
hydrogen gas is immedi- 
ately given off at the 
cathode lead (which is 
connected, of course, to 
the — ve side of the 
mains), the oxygen liber- 
ated at the anode lead 
merely oxidising the 
copper wire. 

The Dissociation or 
Ionic Theory oe Elec- 
•Pjq trolysis. — This was first 

suggested by Faraday and 
was later, in 1887, more fully developed by a Swedish scientist, 
Arrhenius. Accor ding to this theory, a salt in solution consists 
not only of molecules of the salt but also of dissociated mole- 
cules. Thus, if c omm on salt (sodium chloride, NaCl) is dis- 
solved in water some of the molecules are supposed to split * 
up into their components, thus 
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NaCl: :Na+Cl 

The sodium atom is positively charged and the chlorine 
atom is negatively charged. These charged atoms are called 
ions, and it is important to notice that the properties of the 
ions are not the same as those of the uncharged atoms. In 
the case of sodium, for example, this metal in the ordinary 
way attacks water, but the sodium ion exists in a free state in 
water without any action taking place. These +vely and 
— vely charged ions wander about in the solution and collide 
with each other and with the molecules of the solute (i.e. the 
dissolved salt), so that some oppositely charged ions will 

A/oor r^oof 


+ 



recombine, i.e. associate, while fresh molecules will be dis- 
sociated. Hence the use of oppositely directed arrows in the 
above equation. It is obvious that the weaker the solution 
the smaller is the chance of a collision, and therefore the greater 
is the percentage of molecules ironised. The application of an 
e.m.f. to the electrodes merely directs the ions towards the 
electrodes. 

It is evident that the electrical conductivity of an electro- 
lyte will depend upon the degree of ionisation of the salt. 

In the electrolysis of acidulated water or dilute sulphuric 

acid (h 2 S0 4 ) described above (see Fig. Ill), the positively 
charged hydrogen ion which travels down in the con- 
ventional direction of the current is called the cation. When 
it reaches the cathode it loses its charge and collects as ordin- 
ary hydrogen gas in the tube. The negatively charged (SO*) 

XI 
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ion which travels up against the current is called the anion. 
This is not given off as (S0 4 ) at the anode because a secondary 
reaction takes places here. The ion, on losing its charge, 
reacts on the water and produces sulphuric acid and oxygen. 
The action is represented by the equation 

2 S0 4 +2 H 2 0=2 H 2 S0 4 +O 2 . 

The liberated oxygen gas collects in the tube of the volta- 
meter. 

If a current is passed through a solution of caustic soda 

(sodium hydroxide, Na Oh), the sodium ions which are set 
free at the cathode lose their charge and act on the water 
with the result that sodium hydroxide is reformed and hydro- 
gen is liberated. The reaction is represented by the equation 

2 Na+2 H 2 0=2 NaOH+H 2 . 

The (OH) ion liberated at the anode loses its charge and 
action takes place between it and the water. This is repre- 
sented by the equation 

4 (OH)+2 H 2 0=4 H 2 0+0 2 

Hydrogen and oxygen are likewise given off at the cathode 
and anode respectively if a current is passed through a solu- 
tion of potassium hydroxide, KOH. The final products are 
thus the same as those obtained when acidulated water is 
electrolysed. 

The metals sodium or potassium can, however, be obtained 
from caustic soda or caustic potash by first fusing the 
appropriate salt and passing a current through it. In 1807, 
Sir Humphrey Davy , who was Faraday’s predecessor at the 
Royal Institution, succeeded in isolating the two metals for 
the first time by this means (see page 155). 

Faraday’s Laws of Electrolysis. — Faraday investigated the 
relationships between the amount of electricity flowing through 
a circuit and the quantities of different substances which are 
liberated by electrolysis. The results of his investigations 
are summarised in his two laws. 

Faraday’s First Law of Electrolysis. — The amount of sub- 
stance deposited or liberated at an electrode is directly pro- 
portional to tlie quantity of electricity passing through the. 
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The practical unit of quantity is the coulomb* It is the 
quantity of electricity conveyed by a current of one ampere 
flowing for one second. Hence 

Quantity of electricity __ Current strength x Time in 
in coulombs in amperes seconds. 

It is evident from the first law that the weight of hydrogen 
liberated by a current of 1 ampere flowing through acidulated 
water for 3 minutes is the same as the weight liberated by a 
current of 2 amperes flowing through it for minutes. 

Faraday’s Second Law of Electrolysis. — The masses of 
different substances deposited or liberated by the same quantity 


^ o C*0 S 0+ / Vi 5 0+ 



° M io# Cv 5 0# jv, 

8 1'008 48*04 31*78 48*04 29*34 

FlQ. 112 . 


of electricity are proportional to the chemical equivalents of 
the substances. 

The chemical equivalent of a substance is the weight of the 
substance that will combine with or displace unit weight of 
hydrogen. It is obtained by dividing the atomic weight of 
the substance by its valency. 

It is dear from the second law that if the same current is 
passed through acidulated water, copper sulphate solution 
and nickel sulphate solution (Eig. 112), the weights of the 
various constituents liberated in a given time are in the ratios 
given in the figure. 

The electro-chemical equivalent (e.c.e.) of a substance is 
the weight of the substance that is deposited by a current of one 
ampere flowing for one second through a solution containing the 
substance in the ionised state. 

Experiment. — To determine the electro-chemical equivalent 
of copper. This is measured by passing a current between 
copper electrodes placed in a solution of copper sulphate. 
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The anode consists of a copper sheet BO (Pig. 113) which is 
bent twice at right angles, so that it hangs on either side of 
the copper cathode K. Copper is thus deposited on both sides 

of the cathode and the maxi- 
mum area of surface is used. 
The electrodes are connected 
as shown (Fig. 114), to a 
battery B, a rheostat R, an 
ammeter A, and a key K, 
care being taken that the 
anode terminal is connected 





to the positive end of the 
battery circuit. The tangent 
galvanometer T.G. may be 
omitted. The cathode is 
thoroughly cleaned with 
emery paper before it is 
weighed and inserted in the 
solution. The magnitude of 
the current should be regu- 
lated by means of the rheo- 
stat so that it does not 


Fig. 113. exceed *02 ampere for each 

sq. cm. of the surface of 
the cathode. If the current is greater than this amount, 
the deposit will not be hard and some of it is liable to 
be removed when the cathode is washed at the end of 



Fig. 114. 


the expeaiment. The washing operation can be performed 
by holding the plate under a tap. It is then dried by placing 
it some distance above a low bun sen flame, care being taken 
that the distance is sufficiently great to prevent oxi dation 
(a spirit flame is preferable for this purpose). 
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Let W gms. be the increase in the weight of the cathode 
in t secs. Then if I amperes is the current flowing through 
the circuit, and z is the electro-chemical equivalent of copper, 


W= 


or z = 


--zlt 

W 

It 


An arrangement consisting of two copper plates immersed 
in copper sulphate solution is known as a copper voltameter* 
The voltameter can be employed to calibrate an ammeter. 

Experiment. — Calibration of an ammeter using a copper 
voltameter . Connect a battery, a copper voltameter, an 
ammeter, a rheostat and a key in series. Adjust the rheostat 
so that the ammeter registers a low reading. Make a note of 
this reading, and also determine the true value of the current 
flowing through the circuit from the weight of copper deposited 
on the cathode in a known time. Repeat, taking a larger 
value of current, and continue in this manner until the am- 
meter registers its maximum reading. Tabulate the results 
obtained in the following manner : 


Indicated ammeter 
reading. 


True ammeter 
reading. 


j (Indicated — True) 
reading =Error. 


Plot a graph taking the ammeter readings as abscissae and 
the errors as ordinates. 

Experiment. — To determine the reduction factor (k) of a 
tangent galvanometer (see page 179). Connect up the apparatus 
as in Pig. 114, taking care to place the ammeter Or any induc- 
tive resistance at a distance from the tangent galvanometer 
(Why ?). dean and weigh the copper cathode and adjust the 
resistance R to give a current which produces a deflection of 
approximately 45°. Pass this current for about 40 minutes, 
reversing the current through the galvanometer every 10 
minutes and maintaining its value constant by adjusting the 
rheostat R if necessary. Read both ends of the pointer. Let 
6 be the average reading and I (amps.) the current passing 
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in i seconds. Then I = k tan 0, and I =— where W is the 

06 

weight of copper deposited and z is e.c.e. of copper. Hence 
calculate k. 

Electro-chemical equivalents. 

Copper, 0-000329. Oxygen, 0*0000830. 

Hydrogen, 0*0000104. Silver, 0*0011183. 

Lead, 0*001072. Zinc, 0*000337. 

The Silver Voltameter. — From the table given above, it 
can be seen that silver has a relatively high electro-chemical 
equivalent. Consequently it was the substance chosen for 
the standard measurement of electro-chemical equivalent. 



The silver voltameter is of the form shown in Fig. 115. 
The cathode on which the silver is deposited consists of a 
platinum basin, B, which is supported on a brass ring, R. The 
basin is first carefully cleaned and weighed and a 15 — 20% 
solution of silver nitrate is placed in it. The anode A consists 
of a plate of pure silver. The current is led in and out by the 
terminals T,T. When the current passes, silver from the 
solution is deposited on the cathode, and the (NO s ) ion that 
is liberated combines with the silver of the anode forming 
silver nitrate which goes into solution. The strength of the 
solution is thus maintained. Impurities which may be re- 
leased from the anode during the process of its disintegration 
axe prevented from passing through to the cathode by a piece 
of filter paper which is wrapped round the anode. If the 
weight of silver that is deposited on the cathode in a known 
tame is ascertained and the value of the current is known, the 
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electro-chemical equivalent of silver can be calculated as in 
the case of copper. By using the silver voltameter, Lord 
Rayleigh obtained the value '0011180 for the e.c.e. of silver. 

The ampere, which is the practical unit of current, is 
defined in terms of the weight of silver deposited by it from 
a solution. The definition is as follows : 

The ampere is that unvarying current which when passed 
through a solution of silver nitrate in water, deposits silver at 
the rate of *001118 gm. per second. 

Since the coulomb is the quantity of electricity conveyed 
by a current of one ampere in one second, "it is clear that a 
coulomb of electricity when passed through a solution of silver 
nitrate in water deposits '001118 gms. of silver. . 

The term coulometer (i.e. coulomb-meter) is often used 
instead of voltameter, and the name indicates that if the e.c.e. 
of the substance liberated or deposited is known, then the 
apparatus can be used to measure a quantity of electricity, 

W 

i.e. quantity — ixt— — 

Example . — The cathode of a silver voltameter weighs 
6*208 gms. before and 6*518 gms. after, a steady current has 
been passing through the apparatus for 10 minutes. Bind 
the value of the current. 

Final weight of cathode =6*518 gms. 

Initial weight of cathode =6*208 gms. 

Difference, i.e. weight of silver deposited (W)=*31 gms. 

Also z (for silver) =*001 118 
and 2=600 secs. 

Now W =zlt 

W *31 

° ri— 2 xt~ *001118x600 
= 0*462 amps. 

Example .- — A current passes through a silver voltameter 
and a copper voltameter which are connected in series. After 
10 minutes it is found that 0*30 gm. of copper has been 
deposited on the copper cathode. What is the weight of the 
deposit of silver ? (At. weight of silver =108, at. weight of 
copper=63*5. Valency of sfiver=l, valency of copper =2.) 
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f* O.pz 

Chemical equivalent of copper = ——=31.75 

Li 

108 

Chemical equivalent of silver = -y- = 108 


By Faraday’s Second Law ; 

Weight of Weight of 

silver : copper 

deposited deposited 

. Weight of silver 

deposited : '■ 


Chemical 
equivalent 
of silver 

= 108 


Chemical 
: equivalent 
of copper 

: 31*75 


. Weight of silver deposited __ 108 
0*30 ““3P75* 

•• Weight of silver deposited = g ms . 

=1*021 gms. 

Example.— A sheet of metal 10 in. square is to be coated 
with copper. The sheet is placed in a copper voltameter and 
a steady current of 2 amperes is passed through the apparatus 
How long will it take to complete the operation if the 
of the coating is to be -002 in. ? The density of copper is 
8-90 gms. per ce. 


Volume of copper to be deposited=10x-002 cu. in. 

=0‘02 cu. in. 

Also 1 in.=2 - 54 cms. 

-••l eu. in. =(2'54) 3 c.c. 

.‘.Volume of copper to be deposited =0‘02 X (2‘54) 3 c c 

=0 3276 c.c. 

.‘.Weight of copper to be deposited (W)=0'328 x 8-90 gms. 
''Also z (for copper) =-000329 

and I =2"0 amperes. 

. Since W=zl< 


_ 0.328 x 8.90 
•000329 x 2-6 

== 4,432 secs, or 1 hr. 13 mins. 52 secs. 
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Commercial Applications op Electrolysis. — There are 
many important commercial applications of electrolysis. 
One of these is electro-plating , a process which consists in the 
deposition of one metal upon the surface of another. Certain 
metals such as copper, nickel, zinc, silver and gold are particu- 
larly applicable to this process. The objects to be plated are 
suspended by means of hooks from copper rods (C in Fig. 116), 
which are in electrical connection with the negative bus-bar. 
(A bus-bar is a term used in electrical engineering. It refers 
to a thick copper bar which is carefully insulated and pro- 
vided with terminals. The supply mains, or poles of the 



Fig. 116 . 


generator, are joined one to each of a pair of bus-bars, and the 
latter are connected to the distributing circuits.) The anodes 
(A), which are usually plates of the metal to be deposited, are 
connected in parallel and arranged alternately with the cathode 
articles (Fig. 116), so that the deposit is more uniform. 
With the large electrode surface big currents (often of the order 
of a thousand amperes) may be employed. The current 
density should not exceed about 0’02 amps./sq. cm. to ensure 
that the deposit is strongly adherent to the plated article. 
In this latter respect it is also extremely important that the 
surfaces to be plated are first thoroughly cleaned. This object 
is achieved by scrubbing the plate with sand, and then washing 
it in dilute sulphuric acid and finally caustic alkali solution to 
remove any grease. 

Copper has an important role in electro-plating. It is 
very easily deposited electrolytically, and it is found that a 
copper layer furnishes a very satisfactory surface for the 
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deposition of other metals on it. For example, difficulty is 
experienced in depositing silver directly upon iron. If, how- 
ever, the iron is coated initially with copper, the silver can 
then be deposited quite easily on the copper coating. Like- 
wise, in gilding iron or tin, the metals are first coated with 
copper and the gold is then deposited on this coating. Gal- 
vanised iron, e.g. roofing, nails, etc., is iron which has been 
coated with zinc to prevent it from rusting, zinc sulphate 
being the electrolyte employed. 

Copper articles are plated with silver by immersing them 
in a solution of silver cyanide in potassium cyanide. The 
anode is a plate of pure silver. Before the invention of this 
method in 1840, by Wright of Birmingham, copper goods 
were silver plated by putting a strip of silver on clean copper 
and then heating and rolling the metals. The product is 
called Sheffield plate, and the silver coating is thicker than in 
electro-plated articles. Within recent years chromium plating 
has become widely used, as it provides a bright surface which 
does not tarnish. The so-called untarnishable silver articles 
are formed by electro-plating rhodium or palladium on silver. 

Electrotyping is used extensively in the reproduction of 
statues and other works of art, in printing, in obtaining fac- 
similes of medals and in similar operations. A cast is first 
taken of the object which is to be reproduced and this is made 
in wax, in plaster of Paris, or in gutta-percha (which has been 
softened by heating). The surfaces of these materials, however, 
are not conducting and consequently they are rendered so 
before starting operations, by covering them with powdered 
graphite. The mould thus obtained is used as a cathode in a 
copper sulphate bath. The anode is of pure copper and when 
a current is passed a layer of this metal is deposited on the 
surface of the mould. The current density should not exceed 
0*03 amps./sq. cm., and the time of passage will govern the 
thickness of the deposit, which depends upon the purpose for 
which the plate is required. The electrotype is then removed 
from the wax and the shell is backed with an alloy of low melt- 
ing point, such as type metal, to give it rigidity. The plate, 
which is a perfect copy of the original, can now be used for 
printing. A similar process is used to obtain an electrical 
conducting surface on ebonite or similar material, when the 
surface is then said to be “ metallised.” 

In the manufacture of gramophone records the original 
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record is cut by a needle in a wax disc, and this is placed in an 
electro-plating bath and coated with copper. This copper 
negative is then electro-plated with silver, which is stripped 
off to form a hard facsimile of the wax disc. The silver cast 
is in turn plated with nickel, and this nickel coating when 
stripped off is the final negative from which the actual records 
are stamped. 

A recent application of electrotyping is in the manufacture 
of seamless copper (also iron) tubes. For this purpose the 
cathode negative cast is a revolving drum or cylinder coated 
with a thin film of oil or graphite, and this is continuously 
burnished by means of agate brushes. Copper anodes and a 
copper sulphate bath are used, and it is found that it is possible 
to employ current densities as high as 0*25 amps./sq. cm. 

Electeo-Metalltjrgy. — The applications of electrolysis in 
metallurgy are very numerous. It forms part of many pro- 
cesses for obtaining metals from their ores, and it is also 
extensively used in methods for purifying metals. Only a 
very brief outline of some of these applications can be given 
here. 

A metal that is now widely used for a variety of purposes is 
aluminium. The principal source from which it is obtained is 
bauxite, and it is separated from this by an electrolytic process. 
When iron is removed from this ore, an oxide of aluminium, 
known as alumina (AZ 2 O s ) is left. The alumina is mixed with 
cryolite (a double fluoride of sodium and aluminium) and 
fluor-spar (calcium fluoride) and the mixture is fused in an 
iron box, which is lined with blocks of carbon. This fused 
mixture, maintained at about 900° C. constitutes the electro- 
lyte and, when a current is passed through it, the alumina 
alone is decomposed. In the Hall process (Big. 117) the 
current enters through a carbon anode and leaves through the 
carbon lining which acts as the cathode. The molten alu- 
minium, which is denser than the electrolyte, collects in a 
pool on the cathode and the liberated oxygen travels to the rods 
of carbon acting as the anode, and oxidises them so that they 
are gradually burnt away. Provision is made for their replace- 
ment as they are used up. Copper is used in all kinds of 
electrical work and it is very important that it should be pure, 
as the presence of a little impurity considerably increases its 
resistance. The metal that is derived from ore by the usual 
metallurgical processes is not pure enough for electrical 
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purposes. In the process of purification by electrolysis the 
impure copper is used as the anode and is placed in a tank 
containing copper sulphate solution to which sulphuric acid 
has been added. The cathode consists of a thin sheet of 
copper. When a current is passed through the solution, 
copper which is very nearly pure is deposited on the cathode, 
while most of the impurities are dissolved. If silver and gold 
are present they do not go into solution, but are deposited 
on the bottom of the tank. Thus, the process not only 
provides nearly pure copper, but it furnishes a means of 

+ 



recovering the silver and gold which are present. Electro- 
lytic r efining is more expensive than furnace refining, but 
yields a purer product and often enables valuable by-products 
to be recovered as just indicated. The principal metals 
which are refined electrolytically are gold, lead, nickel, copper, 
silver, iron, tin, cadmium and bismuth. 

The recent increase in the commercial demands for pure 
hydrogen, e.g. in the hydrogenation of oils, has given an 
impetus to the electrolytic production of gases. The utilisa- 
tion of electrolysis for the manufacture of oxygen was pre- 
viously l imit ed by the inability to dispose of the hydrogen 
which was simultaneously generated, as otherwise this process 
would prove uneconomical when compared with other methods 
of production. In the manufacture of synthetic arnmnnip. n.nd 
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in various catalytic actions the hydrogen must he very pure an d 
this requirement is effectively satisfied by electrolytic hydro- 
gen which can be obtained from efficient plants, at an average 
purity of not less than 99.9%. Caustic soda (or sometimes 
caustic potash) is nowadays employed as the electrolyte in 
preference to sulphuric acid which is liable to create corrosion 
trouble, and any possible admixing of gases due to the close 
proximity of the electrodes is prevented by the interposition 
of a diaphragm. 

. It is interesting to note that the so-called “ heavy water ” 
which contains the heavy * isotope of hydrogen of mass two, is 
concentrated in the residual liquor obtained by the continued 
electrolysis of alkaline solutions. 

Ionic Medication is an interesting application of electrolysis 
to medicine, and is the means of introducing substances such 
as iodine, magnesium, etc., into the human body. A small 
portion of the skin is covered with a compound containing the 
desired substance, and a damp pad is interposed between the 
patch and a platinum electrode. A similar pad and electrode 
are placed on another part of the body and this electrode is 
made the cathode or anode according as a -\~ve ion (such as 
magnesium) or a — ve ion (as iodine) is to be respectively 
introduced into the system. 

Corrosion due to Electrolysis. — On D.C. (direct current) 
tramways, except in the case of the conduit system, the track 
rails are used as the return circuit for the current supplied to 
the motors, the latter being in electrical connection with the 
frame and wheels of the car. In other words the rails consti- 
tute an <£ earthed return,” which however must not be con- 
fused with an “ earth return,” where the earth itself completes 
an electric circuit, a device which is often utilised in tele- 
phonic and telegraphic work. Unfortunately, despite the 
careful welding together of the lengths of tram rails in order 
to form a continuous conductor, a small part of the return 
current, known as the stray current, flows through parallel 
conducting paths in the earth or through adjacent gas and 
water pipes, etc. (see Kg. 118). It is further evident that 
the electrical conductivity of the soil itself is dependent on its 
dfl/mpnftsa and the quantity of salts left in solution. Cor- 
rosion due to electrolysis will consequently take place wherever 

* Isotopes are substances which are chemically identical but possess 
different atomic weights. 



TECHNICAL ELECTRICITY 


158 

the stray current leaves the metal (rail or pipe), since this will 
correspond, to the anode of an electrolytic cell and hence will 
tend to be dissolved. Furthermore, it should also be noted 
that corrosion will occur on the left hand side of each pipe 
joint, as owing to the higher resistance of the junction as 
compared with the rest of the pipe, some current will by-pass 
the junction through the earth. The amount of corrosion 
will increase with the density of the current leaving the pipe, 
and is obviously greatest near to the power station, G. The 
student should satisfy himself carefully that the corrosion of 
the pipe would be more widespread, if the negative pole of the 
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Fig. 118. 

generator was connected to the trolley wire. It is interesting 
to note that lead covered cables are more quickly destroyed 
than iron pipes, as the e.c.e. of lead is much greater than that 
of iron. 

QUESTIONS. 

1. Describe in detail a simple experiment "which, illustrates the principles 
of electrolysis and include in your answer the meaning of the terms electro- 
lyte, electrode, anode, cathode. State a practical application of electro- 
lysis. (C. & G., 1929.) 

2 . State and explain Faraday's Laws of Electrolysis. 

Describe an experiment to determine the electro-chemical equivalent of 
copper. 

3. Describe how an ammeter can be calibrated by means of a copper 
vsitometer. 

4. Explain the terms: electro-chemical equivalent, cathode and ion. 
What current must be sent through copper sulphate solution to deposit 

eopper over an area of plate 10 cm. by 1.75 cm. to a thickness of 0.01 mm- 
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in one hour ? Electro- chemical equivalent of copper = 0.000329 gm. per 
coulomb. Density of copper 8.9 gm./cc. (U.E.I., S2, 1935.) 

5. A current is led in and out of a vessel containing water and sulphuric 
acid by means of platinum electrodes. Describe what takes place in the 
solution and at the electrodes and state the exact purpose of the acid. 
Will the solution get weaker or stronger as the experiment proceeds ? Give 
reasons for your answer. (U.E.L, SI, 1933.) 

6. Write a short account of some commercial applications of electrolysis. 

7. Define the ampere and the coulomb. 

How many coulombs will be required to liberate, electrolytically 1 gm. of 
each of the following substances : silver, copper and hydrogen ? 

(e.c.e. of silver = 0.001118 ; e.c.e. of copper = 0.000328, and e.c.e. of 
hydrogen = 0.0000104.) 
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CELLS 


The Simple Voltaic Cell. — A rod of pure zinc and a 
plate of copper are placed in a vessel containing dilute sul- 
phuric acid (Fig. 119). If a moving coil voltmeter V is now 
— v connected between the metals it 
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Fig. 119. 


will indicate a reading of about 
1.08 volts, and furthermore from 
the maimer of connection to the 
instrument it is easily deduced 
that the copper plate is at the 
higher potential. An identical 
result is observed if a voltmeter 
is connected across the terminals 
(or plates) of the cell shown in 
Fig. 123. 

An Italian professor of ana- 
tomy, GaJvani, was the original 
observer of a similar effect to 
that described above. He found 


that if a composite rod, one-half length of iron and the other 
of copper, was placed so that one end was in contact with 
the crural nerve of a frog’s leg and the other with the muscle 
of the foot, then distinct muscular contractions could be 


observed. A few years later, in 1800, another Italian scientist, 
Volta, constructed his well-known voltaic pile (Fig. 120), 
consisting of a number of pairs of plates of copper and zinc, 
each dififirmikr metal being in contact, and each pair of plates 
separated from its neighbours by pieces of blotting paper or 
felt moistened in brine. 


In explanation of the above results it must be remembered 
(Chap. Q) that when two metals are brought into contact it 
is only the electrons which are capable of diffusing across the 
interface, as the -fve ions are finhly imbedded in the metals 
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themselves. On the other hand when a metal is placed in a 
solution of one of its salts, then it is possible for -f-ve metallic 
ions to pass across the solid-liquid interface. In the case of a 
strongly electro -f-ve metal (i.e. one in which the affinity 
between the metallic ions and elec- 
trons is small) such as Zinc (Zn.), 
more Zn ions pass into the solution 
from, the metal than from the solution 
to the metal. Hence the solution near 
the metal will acquire a -f-ve charge 
at the expense of the latter, i.e. the 
metal will acquire a — ve potential 
with respect to the solution (Kg. 121). 

This potential will quickly attain a 
certain steady value, such that it 
will prevent any further unequal 
movement of the ions in the two 
directions across the solid-liquid 
boundary. In the case of a less 
electro -f-ve metal such as copper, 
the metal attains a -{-ve potential with respect to a solution of 
its salts (Kg. 121). 

It is not necessary, however, that the electrolyte should 
be a solution of a salt of the immersed electrode, for example a 
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copper electrode in a dilute solution of H^0 4 attains a -f-ve 
potential of 0.46 volts with respect to the solution, while the 
potential acquired by a zinc electrode is — 0.62 volts with 

12 
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respect to the same solution. Consequently if a copper and a 
zinc plate are placed apart in a dilute solution of H 2 S0 4 , 
the difference of potential between them, as shown by a volt- 
meter, wiH be 0.46 — ( — 0.62)— 1.08 volts. 

Hence if this arrangement, henceforward referred to as a 
cell, is connected up in an electrical circuit as shown in Kg. 
122, then when the circuit is closed a current is obtained due 
to this potential difference, and the current can be detected 
by means of the ammeter A. 

The passage of the current will tend to diminish the potential 
difference between the electrodes, but this will be maintained 

by farther Zn ions pass- 
ing into solution and 
more H ions passing 
from the solution to the 
copper electrode. The 
chemical equation re- 
presenting the internal 
action of the cell may be 
written as Zn+HjSO* 
=ZnS0 4 +H 2 . 

The hydrogen is re- 
leased on the copper 
plate and gives rise to 
the phenomenon of 
polarisation which will 
be dealt with below. 
The simple cell described above is an example of a primary 
cell, i.e. one in which a current is produced from the chemical 
action between the materials of the cell without the aid of 
any external agency. 

The direction of the current flow in the external circuit is 
from the copper to the zinc, which verifies the fact mentioned 
above that the copper is at a higher potential than the zinc. 
It follows that inside the cell the current flow must be from 
the zinc to the copper. 

The potential difference between the two electrodes of a 
cell when the external circuit is not closed (in this case= 
1.08 volts) is known as the electro-motive force (e.m.f.) of the 
cefi. This expression is used to distinguish this P.D. from that 
m the corresponding electrostatic case. When two charged^ 
insulated bodies are joined together a current passes, itei 
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only momentarily, whereas in the case of the cell the current 
is maintained by the expenditure of chemical energy involved 
in the consumption of the zinc by the acid. 

Local Action. — One of the difficulties . occurring with a 
simple voltaic cell is the fact that dilute sulphuric acid attacks 
commercial zinc, even before the metal is connected to the 
copper plate. If, however, pure zinc is put in dilute acid, no 
action occurs. In commercial zinc there are certain impurities 
present such as carbon and arsenic. Local currents are set 
up between these and the zinc itself, and the consumption of 
the zinc that results from this is obviously wasteful. The 
phenomenon is known as local action, and it can be eliminated 
by amalgamating the zinc. The process consists in rubbing 
the metal with a mixture of mercury and dilute sulphuric 
acid. The zinc dissolves in the mercury while the impurities 
do not. Consequently, when the process is complete, the 
surface of the plate consists only of amalgam and this alone 
is in contact with the acid. 

Polarisation. — A simple voltaic cell is said to be polarised 
when a film of hydrogen gas has collected on its positive 
plate. As will be explained later a bach electromotive force 
is set up in the cell, in consequence of the coating of the copper 
plate by the gas. Thus, if 

E— e.m.f. of the cell on open circuit 
and e=back e.m.f. due to polarisation, 
then the effective e.m.f. of the cell=E — e. 

Furthermore, the film of hydrogen offers greater resistance 
to the passage of the current than does the layer of liquid 
which it has displaced. Hence, if 

P =resistance of the circuit before polarisation occurs 
and r=additional resistance due to the film, 

then the new circuit resistance =R-f-r. 

Let I be the current through the circuit. On applying 
Ohm’s Law to the polarising cell and circuit it follows that 

T _ E— e 
1 ~ R+r 

It should be quite evident from an inspection of this expres- 
sion how the two effects of polarisation both tend to reduce the 
current flowing in the circuit. 
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Experiment . — The following experiment will illustrate the 
above facts. Connect a simple cell in series with a fixed 
resistance (40-50 ».), a milliammeter and a switch. A short 
range voltmeter is connected across the cell. On dosing the 
switch observe both voltmeter and ammeter readings every 
10-15 seconds, and plot curves showing respectively the current 
and voltage variation with time. From the latter curve it 
will be plainly indicated that the e.m.f. of the simple cell 
becomes smaller when it is delivering a current, and further- 
more it should be possible to show that the resistance of the 
circuit has increased with time, by finding the ratio of the volt- 
meter to ammeter readings at a few chosen times. 

It should be observed that a momentary rise in the current 
and voltage will be obtained on mechanically rubbing the 
copper plate with a small brush. 

To understand how this back e.m.f. is created it must be 
remembered that the +ve pole of the cell (the copper plate) 
corresponds to the cathode (or — ve electrode) of the volt- 
ameter. Hence the -f-ve hydrogen ions (hydrions) travel 
toward the copper plate during the passage of a current. 
On reaching the plate these hydrions become neutral mole- 
cules of hydrogen gas and these gas bubbles cling to the plate 
and in time form an insulating layer which will increase the 
resistance of the cell. Furthermore the +vely charged 
hydrions approaching the plate will be unable to reach it so 
that a layer of -f-vely charged hydrions will be formed, and 
this layer will tend to repel or drive back other hydrions 
towards the Zn plate. In other words there is a back e.m.f. 
produced in the cell. 

The diminution of current through polarisation is a defect 
which is inherent in the simple voltaic cell, and the various 
primary batteries which are in use contain devices which are 
intended to dispose of it. The mechanical method indicated 
above is inconvenient in practice, and the methods which are 
mostly employed involve chemical action. 

The Danidl Cell . — This was the first cell devised to give a 
constant current. Daniell was Professor of Chemistry at 
King’s College, London, and he appears to have had the idea 
of the cell from some remarks made by Faraday in one of his 
lectures at the Royal Institution. 

The container in a Daniell cell (Fig. 123) is a copper vessel, 
C, in which is placed some copper sulphate solution, D. A 
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porous pot P containing dilute 
sulphuric acid E is placed in this, 
and the negative pole consists of 
a zinc rod Z which is immersed 
in the acid. The acid acts on the 
zinc and hydrogen gas is evolved. 

The result of the reaction is re- 
presented by the equation 

Zn+H 2 S0 4 =ZnS0 4 +H 2 

The hydrogen ion escapes 
through the porous pot into the 
outer vessel and reacts with the 
copper sulphate molecules con- 
tained in it, with the result that 
sulphuric acid is formed and 
copper is liberated. 

CuS0 4 +H 2 =H 2 S0 4 -fCu 

The copper is deposited on the positive plate and, of course, 
does not affect the value of the current. The copper sulphate 
solution is, however, weakened by the process. Conse- 
quently the copper container is usually furnished with a 
perforated shelf on which copper sulphate crystals are placed. 

and so the solution is maintained at 
constant strength. The Daniell cell 
is probably the best known of the 
two fluid cells. It has an . electro- 
motive force of about 1.1 volts. 

The Leclanche Odl . — A common 
type of single fluid cell is the 
Leclanche cell, Eig. 124, which was 
first described by Leclanche in 1868. 
The positive plate in this case con- 
sists of a carbon rod C, which is em- . 
bedded in a mixture of manganese 
dioxide and crushed carbon ID, 
contained in a porous pot P. An 
outer glass vessel contains a solu- 
tion of ammonium chloride (“sal- 
ammoniac ”) E in which is placed 
a zinc rod Z, which acts as the 
negative plate. W are vent-holes. 


These become dissolved 



Fig. 124. 


T. 



Fig. 123. 
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When the external circuit between the plates is completed 
and a current is passing, the electrolyte will be decomposed 
in the manner indicated by the following equation : 

nh 4 ci — nh 4 + cl 

It must now be noted that the so-called -\-ve pole or plate 
of a cell corresponds to a cathode when the cell is considered 
as a voltameter, for it is the place where the current passes 
out into the external circuit. Similarly the — ve pole corres- 
ponds to the anode. It follows that the — ve Cl ion will 

travel to the — ve pole and on giving up 
its charge attack the zinc to produce zinc- 
chloride, viz. : Zn-f-Cl 2 — *- ZnCl 2 . 

The salt formed dissolves in the electro- 
lyte. Likewise the +NH 4 ion is discharged 
at the carbon plate and decomposes into 
hydrogen and ammonia (NH 3 ). The latter 
readily dissolves in the solution, while the 
hydrogen reduces the manganese dioxide 
(black oxide of manganese) Mn0 2 to 
Mn 2 O s (brown oxide of manganese). 

The e.m.f. of a Leclanche cell is about 
1-43 volts, but, if the cell is allowed to run 
for an appreciable time it is found that 
the hydrogen is not oxidised as quickly 
as it is formed, and consequently the 
e.m.f. decreases rapidly. It has, however, 
a fairly quick power of recovery. Owing 
to this polarisation the Leclanche cell is only used for work 
where very small or intermittent currents are required, such 
as in electric bell or telephone circuits. The cell possesses the 
great advantage that there is only a negligible consumption 
of zinc when no current is being taken, and hence the only 
attention which it requires is the occasional renewal of the 
ammonium chloride solution. 

The cell has a high resistance (of the order of 1*0 to 3*0 to.) 
which is largely due to the porous pot. This vessel is dis- 
pensed with in a later type of Leclanche cell which has been on 
the market for some years. It is known as the agglomerate 
oell (Kg. 126). In this cell agglomerate blocks of carbon and 
manganese dioxide M are held together and are tied against 
the carbon plate C by india-rubber bands BB. The Leclanch£- 
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Barbier cell (Kg. 125) is constructed 
on these lines, S being an insulating 
block and Z the zinc plate. The top 
of this cell is also closed so as to 
prevent evaporation of the liquid. 

In another type of cell due to 
Siemens the porous pot is replaced by 
a sack of textile fabric which only 
offers a negligible resistance so that 
the total internal resistance is as low 
as 0*15 ohm. A recent angle fluid 
cell which has proved very successful 
is the Oodd cell (Kg. 126). There is 
no porous pot or sack in this cell, 
which consists of carbon plates 0 
hanging from the lid of a glass jar. 
An insulated wire also passes through 
the lid to make connection with a flat 
zinc plate Z at the bottom of the jar. 
The depolariser E in this cell being 



Fig. 126 . 


liquid is more rapid in its action than the solid depolariser of 
the sal-ammoniac cells, and hence gives a higher and more con- 
stant voltage. The e.m.f. of the Oodd cell is approximately 
1*52 volts, and the cell can be used until its P.D. falls to 


about 1*0 volts. 



The Dry Cell. — This is essen- 
tially a type of Leclanche cell, 
* but the substances are present 
in the form of paste. The cell 
is thus more portable and more 
convenient for a variety of 
purposes than is the liquid cell. 

The proportions in which the 
different substances are present 
vary with different makes of 
cell and are trade secrets. The 
containing cylinder Z (Kg. 
127) is usually of zinc. Inside 
Z, there is a mixture E of 
zinc chloride, sal-ammoniac, 
etc. Next comes the mixture 


of manganese dioxide and 


Fig. 127. 
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powdered carbon D, while a thick carbon rod C passes down 
the centre. The whole is contained in a case which is sealed 
with pitch P, and which is provided with a vent V for the 
escape of gases. S denotes a layer of sand or sawdust. 

The electro-motive force of a dry cell is usually about the 
same as that of a Leclanch6 ceil. Its resistance, however, is 
considerably lower, being only about one-quarter of that of 
the Leclanch£ cell. 

The term “ dry cell ” is rather misleading because mois- 
ture is essential for the generation of an electric current 

by chemical means. It is 
true that dry cells which 
are prepared for export 
to tropical countries have 
their exciting agent in an 
absolutely dry and in- 
active condition. A corked 
tube is, however, fitted 
into these, and when the 
cell is required for use 
water is poured into this 
tube and is gradually ab- 
sorbed by the exciting 
agent. Dry cells are em- 
ployed extensively in high 
tension batteries, which 
are used for providing the 
high voltages (100-200) required to be applied to valves 
in wireless receiving circuits. The cells, connected in series, 
are suitably encased in a pitch compound and '* tappings ” 
for every 12 volts are usually provided. A typical 120 volt 
battery has a capacity (page 171) of 144,000 mfiti -watt hours. 

The Standard CelL — This type of cell is useful because its 
electro-motive force is accurately known and remains constant 
at a given temperature. The cell is used as a standard of 
electro-motive force, and not for the purpose of furnishing a 
current. 

The Weston Cadmium Cell is a widely used type of standard 
cell. In its modem form, it is an H-shaped vessel (Pig. 128), 
consisting of two tubes which are closed at one end and 
connected by a cross tube. The positive electrode of the cell 
consists of mercury A, which is placed at the bottom of one of 
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the tubes. Cadmium amalgam G, or sometimes a rod of cad- 
mium, is placed at the bottom of the other tube and forms the 
negative electrode. The positive electrode is covered with a 
paste (33), which is formed by mining mercurous sulphate with 
cadmium sulphate crystals and a saturated solution of cad- 
mium sulphate. Crystals of cadmium sulphate, D, are placed 
in contact with the negative electrode and a convenient 
quantity of saturated cadmium sulphate solution E is then 
added to both limbs. Platinum wires are sealed thr ou gh the 
bottom of each tube and these serve as terminals for the cell. 

The Weston cadmium cell has an electro-motive force of 
1*0183 volts at 20° C. The variation of this electro-motive 
force with temperature is very small. 

Back Electro-motive Force in a Voltameter. — When 
the constituents of a solution are separated by electrolysis, 
they tend to recombine again by virtue of the potential energy 
which they possess when in the separated state. Thus, in 
the decomposition of acidulated water, it is found that a 
certain minimum electro-motive force of about 1*6 volts is 
required to maintain a current through the electrolyte. This 
can be demonstrated experimentally by applying an electro- 
motive force lower than 1*5 volts, e.g. that furnished by a 
single Daniell cell, to a circuit containing a galvanometer and a 
water voltameter. The current at first generated soon 
diminishes to a very small value, and the evolution of gases 
at the electrodes likewise ceases after a very brief time. This 
drop in the value of the current is due to the back electro- 
motive force developed at the electrodes. 

The polarisation due to a layer of gas on the electrodes 
generally disappears in a comparatively short time, but it is 
possible to maintain a state of polarisation in some cases for a 
long period of time. These cases are those in which a definite 
change takes place in the nature of the electrodes as will be 
illustrated by the experiment described below. 

The Accumulator or Storage Cell. — In 1859, Plante 
devised a method of storing the energy liberated when a current 
is passed through dilute sulphuric acid in which lead plates 
are inserted as the electrodes. The principle of the method 
can be illustrated as follows : 

Experiment . — Two lead plates are immersed in dilute 
sulphuric acid contained in a voltameter, V (Fig. 129). The 
terminals of the plates are connected through the key K lr 
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to the battery B, and through the key K 2 , to the galvano- 
meter G. If the key is closed, and the key K 2 is kept 
open, a current flows through the voltameter, and it is found 
that the cathode gradually becomes covered with a brown 
layer of lead peroxide. If next, the plug is removed from the 
key E l5 and inserted in the key K 2 , a current flows through 
the galvanometer, G. This shows that the voltameter has 
been transformed into a cell. In other words, it has stored 
some of the energy of the current that passed through it. 

The accumulator is termed a secondary cell since its action 
is dependent upon an auxiliary source of current. 

The student should ob- 
serve, however, that the cell 
does not store electricity. 
It is chemical energy that 
is stored, and this can be 
redeveloped into electrical 
energy. The accumulator 
must be distinguished, in 
this respect, from the con- 
denser (page 52). 

A cell that has undergone 
only one “ charging ” cannot 
supply a current for any 
length of time. Plante’s 
great work was to devise a 
method for forming the 
plates. This consists essentially of coating the anode with 
a semi-porous film of lead peroxide. This is done by sending 
a current through the cell first in one direction and then in 
the opposite direction. This operation is repeated until the 
layer of lead peroxide on the anode is sufficiently thick to 
protect the lead from further action. 

The process of “ forming ” the plates in this manner proved 
to be so tedious and expensive that, although the cell had a 
higher electro-motive force than any primary battery, it was 
not adopted for commercial purposes. In 1881 Faure intro- 
duced a new device. He coated the lead plates with a layer 
of minium or red oxide of lead (Pb 8 0 4 ) which he had made 
into an adherent paste by mixing with dilute sulphuric 
add. Afterwards, he found that litharge or lead oxide 
(FbO) was more satisfactory for preparing the paste for the 
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negative plate. The plates are charged and recharged as in 
the method devised by Plante, but the process is much shorter. 

The reaction between the red lead and the dilute sulphuric 
acid is given by the equation : 

Pb 3 0 4 +2 H a S0 4 =Pb0 2 +2 PbS0 4 +2 H 2 0. 

The lead peroxide and the lead sulphate which are formed 
settle as a hard porous mass on the plate. 

When lead oxide is used in place of red lead the reaction is 
as follows : 

Pb0+H 2 S0 4 =PbS0 4 +H 2 0. 

The paste plates are much cheaper than the formed plates 
and are quite satisfactory for use as negatives. It is found. 



(a) Fi a. 130. (b) 

(a) Formed Plate with inset of corrugated lead spirals. 
(6) Grid of a pasted plate. 


however, that in the case of positive plates, the paste is liable 
to expand and to break away from its supports. On this 
account Plante plates are frequently used as positives, 
especially when the accumulators are used for heavy work. 
Owing to their lightness pasted plates are always used in car 
batteries. 

In practice, it is found advantageous to increase the surface 
area of the plate that is exposed to the electrolyte. In order to 
effect this, small pockets can be made in the plates and the 
active material is forced into these pockets. Corrugated or 
ribbed plates are also manufactured, and the surface developed 
in this way is sometimes about ten times larger than the 
corresponding smooth surface. Pigs. 130 (a) and (6) show 
respectively a formed and a pasted plate. 

The capacity of an accumulator is usually measured in 
ampere-hours. A 60 ampere-hour cell will give approximately 
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10 amp eres for 6 hours, 5 amperes for 12 hours and so on. 
An accumulator is also sometimes rated by giving the “ nor- 
mal ” current, or the continuous current, that the cell can 
furnish for a certain number of hours. 

The quantity efficiency of a lead accumulator is about 90%, 


as defined by the ratio 


amp. -hours output 
amp. -hours input 


«... , , r. , , watt-hours output 

The energy efficiency, however, as defined by watt . hopra ^ 


is only about 75%. This lower value is brought about by 
the fact that the charging voltage is always appreciably greater 
than the discharging voltage. 

The capacity of an accumulator is increased by connecting 
in parallel all the positive plates of the cell and also all its 
negative plates. If the positive plate is placed on the outside 
it is liable to buckle or warp. This can be prevented by 
placing a negative plate on the outside at each end of the cell. 
The number of the negative plates thus exceeds that of the 
positive plates by one. 

The electro- motive force of a fully charged lead accumulator 
during charging is approximately 2*4 volts, but rapidly falls 
on discharge to about 2*1 volts. Its internal resistance is 

low and varies with the size of the cell, being about ohm 

for a small cell and much less for a large cell: The resistance, 
however, increases during discharge. This is because water is 
formed during the process and the density of the acid is 
consequently diminished. It should be noted that the 
resistance of any cell will depend upon (1) the concentration 
of the electrolyte, (2) the area of the electrodes, and (3) the 
closeness of the electrodes to one another. If B is the cell 
resistance and I the current flowing at any time, the voltage 
drop in the cell is IB. It is evident that the smaller this 
quantity (due to a low value of B), the less will be its effect 
on the steadiness of the output of the cell, when delivering 
currents of varying magnitudes. An accumulator should not 
be worked after its electro-motive force has fallen to 1*8 volts, 
as the cell then soon becomes ruined through the formation 
of an insoluble sulphate of lead. 

The resistance of dilute sulphuric acid is a minimu m when 
the specific gravity is about 1*22. During discharge the 
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specific gravity of the acid falls from 1-22 to 1*18, and this 
criterion is the better method of judging the condition of an 
accumulator. 


Great care should be taken to avoid short circui ting or 
overloading an accumulator as this results in sulphating, and 
also owing to its low resistance large currents will be produced, 
with a consequent disintegration of the plates due to the 
excessive heating. For example, with a single accumulator 
of resistance 0*005<o the current produced on short-circuiting 

2*1 

would be equal to amps., i.e. 420 amps. A momentary 


short circuit, however, appears to do little harm as car batteries 
used for “ starting,” deliver 400-500 amps, for the short 
period required. 

The Edison Accumulator . — The advantage of this alkaline 
accumulator over the lead acid accumulator consists in the 


fact that it is more durable and that it can be discharged 
completely without having any injurious effect upon it. It 
can also be left for some time in this condition. On this 


account it is particularly suitable for use in places where 
careful attention is impracticable. The electrolyte is a 21% 
solution of potassium hydrate, to which a small quantity of 
lithium hydrate has been added. The positive electrode 
consists of nickel hydrate which is contained in a nickel 
framework, while the negative electrode comprises a nickel 
plated steel plate. The container of the cell is itself made of 
nickelled sheet steel, adding thereby to its robustness. The 
disadvantages of this type of accumulator are its increased 
cost and the fact that its e.m.f. is much lower, being only 
about 1.2 volts. The quantity and energy efficiencies of the 
nickel alkaline accumulator are respectively about 80% and 
60%. 

Accumulators are used for a large variety of purposes as, 
for example, in telephone exchanges and broadcasting stations, 
in wireless receiving sets for heating the filaments of valves 
and also in the form of high tension “ batteries ” for supplying 
the necessary high voltages to the ££ anodes ” of valves and 
in motor cars for starting and ignition purposes. These 
secondary cells are also employed in D.O. three-wire power 
supply systems to ensure continuity of operation by storing 
energy during the periods of “ low-load ” (i.e, small demand) 
so that the normal output can be supplemented during ££ peak ” 
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periods to meet any increased demand. Other important 
uses are in the lighting of electric trains, when they are often 
charged by axle-driven generators, and in electric traction. 
In the latter case the nickel accumulator gains preference over 
the lead type on account of its lightness and mechanical 
strength, and further by the fact that it admits of large 
currents being taken without damage. In this connection a 
new design of accumulator called the Drum Cell, consisting of 
-f-ve plates containing nickel hydroxide and — ve plates of 
nickel-gauze grids immersed in a solution of zinc oxide in 
potash, possesses the desirable quality of allowing itself to 
be rapidly charged and discharged without injury. The 
current efficiency of the Drum accumulator is 92.5% and its 
energy efficiency 75%. Cells used for electric traction will, 
of course, require to be frequently charged up at convenient 
stations en route. 

Example . — A large battery comprising 40 accumulators 
is charged at 4*0 amps, for 13 hours, and is discharged at a 
constant current of 2*5 amps; for 18 hours. Determine the 
quantify efficiency of the battery. 


Quantity Efficiency = 


Amp. -hours Output 
Amp. -hours Input 


X 100% 


2*5x18 

4*0x13 


X 100% 


= 86 * 5 %. 

If the average P.D. of each cell during charging and dis- 
charging is respectively 2*28 volts and 1*94 volts, calculate the 
energy efficiency of the battery. 


Energy Efficiency = 


Watt-hours Output 
Watt-hours Input 


X 100% 


1.94x2.5x18 

2.28x4.0x13 


X 100% 


— 78.6%. 

Example . — If in the previous problem the battery is to be 
charged from a 220 volt mains, determine the necessary 
resis t ance to be connected in series with the battery, in order 
to obtain the requisite charging current of 4*0 amps. The 
internal re sis t an ce of each cell is to be taken as 0*01 ohm. 

How the e.m.f. of the battery itself is 40x2*28=91*2 volts. 
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But this e.m.f. opposes the applied P.D. so that the effective 
e.m.f. is 220 — 91*2=128*8 volts. 

The current passing =4*0 amps. 

.".Total Resistance of circuit must be 

V 128*8 QOO , 

= Y= = 32*2 ohms. 

But the internal resistance of the battery =40 X *01 =0*4 ohm. 
Hence the required series resistance =32*2— 0*4=31*8 ohms 

The large amount of energy wasted in the series resistance 
of the charging circuit is avoided by the use of a motor-genera- 
tor set. In this arrangement a generator is coupled to a 
motor which is driven from the mains supply, but the P.D. 
delivered by the generator is adjustable to the requirements 
in hand. 

QUESTIONS. 

1. What is understood by “ polarisation ” and “ local action ” in primary 
cells. 

Make a sketch showing the internal construction of a dry cell and Tm-rn* 
the parts. (U.E.I., SI, 1935.) 

2. What is meant by the terms “ polarisation ” and “ internal resistance 
of a cell ? ” Describe, with a sketch, the construction and action of a 
simple cell using a depolarising agent. (C. & G., 1935.) 

3. When the poles of a Leclanchi cell are connected to a galvanometer 

of negligible resistance, the current, as shown by the deflection of the 
needle, is observed to diminish rapidly. When, however, a high resistance 
galvanometer is used, the value of the current, represented by the deflection, 
remains practically constant. How do you account for this ? (C. & G., 

1921.) 

4. Describe briefly the construction of the lead secondary cell. How 

can the state of charge of the cell be determined ? (N.C.T.E.C., 1934.) 

5. Describe the construction of a nickel- iron-alkaline cell. 

What are the relative advantages and disadvantages of this type when 
compared with a lead-add cell ? {U.L.C.I., B, 1935.) 

6. What is meant by the “ capacity ” and the “ efficiency ” of a secondary 
battery, and on what do their values depend ? 

Determine the ampere-hour and the watt-hour efficiency for the follow- 
ing case : Charging current : 10 amps, for 20 hours. Discharge complete 
to normal limit : 5 amps, for 34 hours. Mean p.d. 2*3 volts during charge, 
and 1*95 volts dnring discharge. (N.C.T.E.C., 1934.) 

7. Carefully distinguish between and give examples of the following 
types of cells : Primary, Secondary and Standard. 

8. A voltmeter is placed across the terminals of a secondary battery. 
As the current taken from the battery is increased the reading of the volt- 
meter falls. Why is this ? A secondary battery has an e.m.f. of 110 volts 
and an internal resistance of 0*25 ohm. A voltmeter connected to the 
terminals of the battery reads 100 volts when a certain current is taken 
from the battery. Calculate the value of the current and the resistance 
in series with the battery. (U.E.I., SI, 1933.) 
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CURRENT MEASURING INSTRUMENTS 

General Principles op a Current-Measuring- Instru- 
ment. — In any such instrument the mechanical force pro- 
ducing a deflection of the pointer (or other indicator) is known 
as the deflecting force, and may he produced by utilising 
either the electro-magnetic or the thermal properties of a 
current. In order that the deflection of the instrument may 
be proportional to the current flowing an opposite or con- 
trolling force must be exerted, and this may be provided in a 
number of ways. In ammeters and voltmeters the control 
force is a gravity or spring control, while in galvanometers of 
the moving-coil type the torsion of a suspension wire (or strip) 
is employed. On the other hand with moving-needle galvano- 
meters, the earth's magnetic field (or other permanent mag- 
netic field) provides the force which restrains the deflection. 

There are essentially two systems in every indicating system, 
one fixed and the other capable of a relative movement, which 
should be governed by a simple law with regard to the quantity 
being measured. In order that the readings should be taken in 
the minimum time, some form of damping device must be 
incorporated in the instrument. This necessity is due to the 
fact that in moving to its final deflected position, the pointer 
of a feebly damped (i.e. under-damped) system would initially 
overshoot this mark (Eig. 131) on account of the momentum 
of the moving parts. Compare the case of an extended vertical 
spring which is released. The pointer may swing to an ex- 
treme position that is nearly double the true deflection and 
on swinging back it overshoots its final position in the reverse 
direction, and these oscillations of the system about the true 
deflection might continue for an inconveniently long period. 
Furthermore, using such an instrument it would be impossible 
to obtain the true reading of a fluctuating current at any 
particular instant. 
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If the moving system shows no oscillation about its final 
deflected position the instrument is said to be critically 
damped or dead heat (see Fig. 131). In practice slight under- 
damping is usually arranged so that the pointer swin gs only a 
small amount past its final position before coming to rest, 
and in this way any “ sluggishness ” (i.e. mechanical friction) 
of the instrument can be detected. 


The main types of damping employed are air damping, 
fluid damping and eddy-current damping. The latter type 



of damping depends upon the reaction of the induced eddy 
currents set up in a moving conductor, with the magnetic 
field producing them (page 268). In air damping a light 
vane, moving in a chamber, is attached to the moving system, 
and the amount of damping is controlled by the adjustment 
of the clearance space. 

Galvanometers are instruments used for the detection car 
measurement of small currents. The three main classes of 
galvanometers are, (1) moving-needle, (2) moving-coil, and 
(3) theimo-instruments. The latter type, however, are 
primarily used in alternating current measurements and will 
not be considered here. 

13 
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(1) Moving-needle Galvanometers. 
These are a development of Oersted’s 
discovery (1815) that an electric 
current flowing in a conductor de- 
flected a magnetic needle near it, the 
magnitude of the deflection being 
controlled by the earth’s magnetic 
field. In 1820 a German name 
Schweigger increased the deflecting 
force by employing loops of wire 
(page 79), and in 1825 an Italian, 
Nobili, further endeavoured to in- 


Fig. 132. 


crease the sensitivity of the 
instrument by decreasing the 
controlling force. The latter 
effect is obtained by the astatic 
arrangement indicated in Fig. 
132, where M x and M 2 are 
two similar magnets of nearly 
equal moments. The magnets 
are parallel to each other with 
their similar poles in opposi- 
tion, and they are rigidly con- 
nected together by a short rod. 
It should be verified carefully 
that the deflecting force on 
each magnet due to the 
current flowing in the corres- 
ponding coils C z and C 2 , will 
be in the same direction, but 
that the direction of the con- 
trolling force of the earth’s 
field on M x will be in the 
opposite sense to that on M 2 , 
Le. the controlling force is 
proportional to ike difference 
of lie magnetic moments of 
M 2 and M s . 
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In 1858 Sir Wm. Thomson afterwards Lord Kelvin, increased 
the sensitivity of the needle-galvanometer by a device now 
employed on all instruments for sensitive work, viz. the use 
of a concave mirror, C (Tig. 133) fixed at the lower end of the 
suspension. A beam of light is focussed on the mirror and 
is reflected back on to a horizontal graduated scale, where, 
with proper adjustment it appears as a well defined spot. 
Any rotation of the mirror will cause the spot of light to 
travel along the scale, which is generally about 1 metre 
distant from the mirror. By this means the deflection is 
magnified considerably, and the arrangement is equivalent 
to a long pointer attached to the suspended system, without, 
however, the disadvantages of an increase of mass. 

The position of the auxiliary magnet M (Fig. 133) may be 
varied to make the control field less or greater than that due 
to the earth, and in this way the sensitivity of the galvano- 
meter is correspondingly increased or decreased. In the 
modem development of the Kelvin needle type such as the 
Paschen instrument (which can measure currents as small as 
10~ n amp.), it becomes vitally necessary to shield the galvano- 
meter from external fields and soft iron cylindrical shields are 
utilised. V (Fig. 133) is a light vane moving between fixed 
plates P x and P 2 so that the motion of the suspended system is 
damped. 

• The Tangent Galvanometer. — This simple laboratory instru- 
ment was devised by Pouiflet in 1840, and consists essentially 
of a small bar magnet suspended or pivoted at the centre of a 
large vertical circular coil (say 15 cms. diam.). A light alu- 
minium pointer (7-10 cms. long) is fixed at right angles to the 
magnetic needle, and it moves over a circular scale marked 
in degrees. 

Since the magnetic field at the centre of the circular coil 
produced by the passage of a current is perpendicular to the 
plane of the coil, it is obvious that the horizontal axis of the 
coil mus t not coincide with the magnetic meridian, if the 
needle is to be deflected. The plane of the coil is usually set 
in the magnetic meridian and the theory of the instrument 
for this arrangement is developed below. Fig. 134 shows a 
section of the galvanometer coil AB in a horizontal plane 
containing the suspended needle, which is supposed to be 
situated at O. 
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Let F=strength of magnetic field (in gauss) at O, produced 
by a current of i amps, in the coil, 
w=number of turns in the coil, 
r=radius of the coil (in cms.), 

and H==strength of horizontal component (in gauss) of the 
earth’s magnetic field. 

The size of the magnet is assumed to be sufficiently small 
that the value of F can be considered constant throughout 
its volume. Let 0 be the angle of deflection produced by F, 
then the deflecting couple is given by 2 x mF X OP and the 
restoring couple by 2 x mH x OQ, where m is the pole strength 
of the suspended magnet. 


r m 



Pig. 134. 


For equilibrium 2wF x OP=2mH x OQ. 


Hence F=H. 

~ H ‘ PO 
or F=H tan 6. 


=H. 


— * If yf 

Now F ==27mi/10r. Hence i — — . H tan 0 (in amperes) 


i.e. i oc tan 0 or i=H/G tan 0, 

where G = is known as the galvanometer con s t ant . 

It is a characteristic of a particular instrument and is inde* 
pendent of the value of H, which in general varies from place 
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to place. If, however, the galvanometer is kept fixed in 
position, the law of the instrument may be written asi—k tan 0, 
where k is a constant so long as H at that particular place 
does not vary appreciably, k is known as the Reduction 
Factor of the galvanometer. 

The following experiment is to verify the tangent law of the 
galvanometer : 

Experiment . — Connect the apparatus as in Fig. 135, taking 
care to widely separate the tangent galvanometer T.G. and 
the ammeter A, as the latter contains a powerful magnet. 
Adjust the plane of the coil to be in the magnetic meridian, 
and vary the resistance R until a deflection of say 20° is 

£ 



produced by the current passing in the circuit. Record the 
ammeter and galvanometer readings, taking care to observe 
both ends of the pointer. Diminish the resistance slightly 
and again obtain a pair of readings ; continue in this manner 
riTv fyn a deflection of about 75° is obtained. Tabulate as 
below readings sho uld also be taken with the current 
reversed. 


Ammeter 
Beading 
i amps. 

Galvanometer Deflection (8) 
degrees. 

tan 8 

• 

k — * 

tan 0 

(1) 

(2) 

Mean 
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Alternatively plot tan 0 against i, and the slope of the 
resulting str ai ght line enables Tc to be evaluated. It is evident 
that when h is known the instrument can be employed to 
measure current. 

Exercises. — (1) Determine the number of turns of. wire in 
the coil of the given tangent galvanometer, the value of H 
being known. It follows from the law of the instrument that 
lOrTT 

n = tan 0, and the procedure is the same as in the pre- 
2tzi 

vious experiment, the value of r being measured as accurately 
as possible. 

(2) Determine the value of H in the laboratory knowing 
the constants of the given tangent galvanometer. 

(2) Moving- Coil Galvanometers. — This type of instrument 
owes its inception to Faraday’s discovery, in 1821, that a 
current carrying conductor, if free to move, would continuously 
rotate around a magnet pole. The first galvanometer em- 
bodying this principle was devised by an Englishman named 
Sturgeon, in 1836, and he employed a coil of copper wire 
suspended by a metal wire in the field of a permanent magnet. 
The current was led into the coil by the suspension, and out by 
a flexible spring attached to the lower extremity of the coil. 
The sensitivity of this arrangement is greatly increased by the 
insertion of a cylindrical iron core inside, but perfectly free 
from the coil. In this way the lines of force are concentrated, 
with a consequent increase of the deflecting couple (page 77) 
for a given current in the coil. An instrument employing this 
idea was designed by Sir Wm. Thomson in 1867, in connection 
with the trans- Atlantic cable. It was called a siphon-recorder, 
and consisted essentially of a moving-coil galvanometer, 
incorporating an inking arrangement so that the extremely 
feeble signals transmitted by a long submarine cable could 
be both detected and recorded. 

In 1882 D’Arsonval introduced curved magnet poles, and 
his modification of the moving-coil galvanometer is typical 
of the laboratory form of this instrument which is in general 
use to-day. 

The suspended coil C is situated in the narrow gap between 
the poles of a permanent cylindrical (as in Pig. 136) or horse- 
shoe magnet, and it is usually wound with well-insulated 
copper wire. In order to preserve the lightness of the coal & 
smaller number of turns is likely to he used thah in, the 
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moving-needle instrument, which consequently in general has 
a greater resistance. The suspension S which carries both the 
coil and the concave mirror, M, is soldered to an adjus ting 
screw. A, at its upper end, and is usually a phosphor bronze 
strip. A thin strip is used in preference to a wire of the same 
mechanical supporting strength, 
as it provides a smaller torsional . „ 

control and this leads to an in- 
creased sensitivity. The current T 

is led away from the coil by a v 

loosely-coiled spiral L, which 
does not exert any appreciable 3 

control on the movement of the 
suspended system. 

By the use of the curved 
magnet poles and the soft iron 
core, I, a radial magnetic field 
is produced in the pole-gap as 
indicated by the dotted lines in 
Fig. 136. As a consequence for 
quite large deflections the plane 
of the coil is always parallel to 
the lines of force, and hence the 
deflecting couple is constcmt and 
given by iELAn (page 77), where 
n is the number of turns in the T ' Tj 

coil. If the current i produces a 

deflection 9 of the coil from its m t 

zero position, then in this de- m 

fleeted position the torsional c 

couple exerted by the suspension Fig. 136. 

will be t 0 , where t (tor.) is the 

torsional couple for unit angular twist of the wire. Hence 



it follows (page 77) that iH.An — t 0 or i = 


HAn 


= K9, 


where K will be a constant for the instrument. 


If the coil of a moving-coil galvanometer is vibrating on a 
closed circuit then it will cut the lines of force due to the perma- 
nent magnet, and by Lenz’s Law (page 237) the induced 
currents set up will react with the magnetic field and tend to 
stop the motion. The magnitude of the induced current 
(and hence the damping) will depend upon the value of the 
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resistance in circuit. For quickness of reading a tapping key 
is placed in parallel with the terminals of a ballistic galvano- 
meter (page 238), so that after the first swing the coil may 
be quickly brought to rest by depressing the key. 

It should be noted that the steady current sensitivity is 
defined as the deflection in mm. of the scale per 10" 6 amp. passing 
through the galvanometer , when the scale is 1 metre distant from 
the mirror. 

Direct Current Measuring Instruments. — Instruments 
which indicate the value of an electric current directly in 
amperes, by means of a pointer moving over a graduated scale, 
are known as ammeters. Milliammeters and microammeters 
are accordingly instruments constructed to measure small 
currents of the order of 10" 3 amps, and lO" 6 amps, respectively^ 
Again the best-known type of instrument for the measure- 
ment of PJD., the voltmeter , utilises the principle that the cur- 
rent I, passing through a constant resistance R, is directly 
proportional to the applied voltage V. Voltmeters are, 
therefore, really current-measuring instruments which differ 
from ammeters in a certain respect to be made immediately 
apparent, but which from the point of view of mechanical 
construction are precisely similar. 

Now the power consumed by a current measuring instru- 
ment may be expressed in the following alternative ways, 

viz. PR, VI or watts, where I is in amps, V in volts and R 

(the instrument resistance) in ohms. Further, since it is a 
fundamental principle that any instrument placed in a circuit 
should absorb as small amount of energy as possible from the 
circuit , then for a given current I, it follows that R must be 
kept small in order that I 3 R should not be large, i.e. ammeters 
must have only a very low resistance. In consequence the P.D. 
(V) across an ammeter is always small and is never likely to 
be as great as one volt. In the case of the voltmeter, a given 
value of P.D. (V) is to be measured, hence the appropriate 

ya 

expression for the energy expended in this instrument is 

B» 

and for this quantity to be small, R must be large, i.e. volt- 
meters must have a high resistance. An additional signi- 
ficance of this latter condition is that it means the current, 
y 

I = flowing through the instrument is also small. The 
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usual rating for good commercial instruments is 200 <*> per volt, 
i.e. a 100 volt range voltmeter would have a resistance of 
20,000 <o. In ordinary practice therefore the current passing 
through a good grade voltmeter can generally be neglected, 
but for precision work it is necessary to use instruments 
having still higher resistances so as to allow 1,000 a or more 
per volt. 

An ammeter is always placed in series with the rest of the 
electrical circuit concerned, but voltmeters, on the contrary. 



are connected in parallel with that part of the circuit across 
which the P.D. is to be measured. The meaning of these 
terms will become clear from a consideration of Pig. 137. 
Tn this diagram A is an ammeter connected in series with a 
lamp L. The ammeter thus registers the current which flows 
through the lamp. The terminals of the voltmeter, V, are 
respectively connected to those of the lamp, i.e. in parallel, 
a.-nri in this manner the voltmeter registers the P.D. across 
the lamp. 

Moving-Coil Ammeters. — The construction of these instru- 
ments is similar to that of the moving-coil galvanometers, 
except in the method of suspending the coil. In Pig. 138 (a), I 
is a soft iron core, C is a moving coil consisting of a number of 
tons of fine insulated copper wire wound on a copper or 
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aluminium frame, and N and S are the soft iron pole pieces of a 
permanent tungsten-steel horseshoe magnet. These poles 
are kept in position by distance pieces AA. The moving 
system is supported on two short spindles with pointed ends, 
which act as pivots working in the jewelled bearings fixed to 
the non-magnetic cross-piece B. The current is led in and out 
of the coil by means of flat spiral phosphor bronze springs 



Fig. 138 (a). 


S and S 1 , which are situated respectively at the upper and 
lower end of the coil (the upper spring only is shown in Big. 

3 1 ;, °?® ,'^, eacil J spring is connected to a spindle, 
S and S 1 (Fig. 138 (6)), and hence to the ooil, while the other 
mids are connected respectively to the terminals T and T 1 of 
the mstniment. These springs are so coiled that when one is 
^nnding the other winds up, and so acting together, they 
provide the controlling couple which balances the deflecting 
ooupie produced when a current passes through the coif 
Also, as m the case of a vertical torsion wire, the torsional 
coup le ib proportional to the angle of twist of one end of the 
wire with respect to the other, so now in this case the angle 
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through which the spindle turns is proportional to the couple 
applied to it. The free ends of the springs are attached to 
the spindles. It has been shown in the theory of the moving- 
coil galvanometer (page 183), that with the same type of 
magnetic field, the deflecting couple on the coil is strictly 
proportional to the current flowing for any position of the 
coil. Hence it follows that the angular deflection of the coil 
is directly proportional to the current , and so the circular 
scale of the instrument will be uniformly divided. Tig. 138a 
shows the details of a typical instrument of this type. The 
movement of the coil is damped by the induced eddy currents 
(page 268) set up in the metal frame upon which it is wound. 



Fig. 138 ( b ). 


In using the instrument care must be taken to pass the current 
through the coil in the direction indicated on the terminals, 
unless, of course, it is provided with a central zero. 

As the moving coil is only wound with thin wire for the 
sake of lightness, the current that can be carried safely must 
not be greater than 0*2 to 0*25 amps., and for higher values of 
the current a small resistance is connected in parallel with 
the moving part. This resistance is referred to as a shunt, 
and has been discussed already (page 108). 

Moving-Coil Voltmeters. — As mentioned previously the 
actual mechanical movement of the moving-coil ammeter 
may be utilised for the voltmeter, except that in the latter 
the coil is wound with say 100 turns of fine copper wire 
compared with about 20 turns in the case of an ammeter coil. 
The resistance of such a voltmeter coil would be only of the 
order of 100 ohms, hence to obtain the desired high value of 
the resistance of a voltmeter it is necessary to add a high 
resistance in series with the coil. Another point of consider- 
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able importance is the question, of the constancy of the cali- 
bration of these instruments, and this will be chiefly dependent 
upon a possible change of the various control factors with an 
increase of temperature. Both the strength of the control 
springs and the * magnetic field decrease with temperature, 
but ac ting in opposite directions these changes tend to balance 
one another. Hence the chief concern is the constancy of the 
resistance of these instruments. As mentioned above the 
pivoted coil is usually wound with copper wire which has a 
large temperature coefficient of resistance (see page 216), and 
in order to swamp out this undesirable feature, the large series 
resistance is composed of fine manganin wire, which is almost 
unaff ected by a change of temperature. Manganin has an 
added advantage in possessing a high specific resistance, so 
that the length of wire required is reduced, and this is wound 
on wooden bobbins inserted in the base of the instrument 
between the coil and the terminals. 

Moving Iron Ammeters and Voltmeters. — This class of 
instrument is less sensitive than the moving coil type, but has 
the advantages of cheapness and lightness. In the single 
iron, or attraction type (Fig. 139), a piece of soft iron I is 
inductively magnetised as a result of the magnetic field set 
up by the current to be measured, which is passed through the 
coil 00. The piece of iron is pivoted eccentrically so that on 
magnetisation it will be attracted into the coil, and the 
pointer, P, will move over the scale. The magnitude of the 
deflection is controlled by a spring (as in the moving-coil 
instrument), or more usually by gravity as indicated in the 
diagram. The weight, co l5 may be screwed along a spindle 
which affords a means of adjusting the zero of the instrument. 
The other weight, co 2 , will not exert any control when the 
instrument is levelled and the pointer is at zero, for the centre 
of gravity of the moving system will be vertically below 0. 
If the pointer is deflected through an angle, 6, the centre of 
gravity of the system is displaced to the left of 0o„ and it 
may be shown that the restoring couple produced is pro- 
portional to sin 6. The scales of these instruments are non- 
uniform, and are more crowded together for the smaller 
readings, but the uniformity of the spacing can be varied to a 

* Any slight permanent loss of field strength is adjusted by the use of a 
magnetic shunt incorporated in the instrument, i.e. a piece of soft-iron 
laid across the pole-pieces to vary the flux in the gap. . 
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considerable extent by suitable shaping of the piece of 
iron, I. 

The damping is effected by the use of a light piston, A 
(Fig. 139), fixed to the moving part, the centre of this piston 
travelling along the axis of the curved cylinder T. The 



clearance between A and the tube walls is small so that the 
contained air may only be displaced slowly, and in this manner 
the system will be effectively damped. 

It should be carefully noted that these gravity controlled 
instruments are limited principally to switchboard use as they 
can only be used in a vertical position. 

In the double-iron, or repulsion type of soft-iron instru- 
ment the moving iron which carries the pointer, is placed near a 
fixed piece of iron which is inside the coil. On the passage 
of a current through the coil the adjacent faces of the fixed 
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and movable pieces of iron acquire a like polarity, so that 
repulsion occurs, with a consequent deflection of the pointer. 

It should be evident that the action of both types of soft 
iron instrument is independent of the direction of current 
flow so that they can be used in alternating current (page 
266) as well as in direct current circuits. An inherent 
drawback of these instruments results from the hysteresis 
(page 97) of the iron, namely that the descending readings 
of the current are generally greater than those obtained while 
ascending. The recent introduction of iron alloys such as 
mumetal or permalloy, has, however, largely overcome this 
difficulty. Another feature of these instruments is that the 
fixed coil can be made of a few turns of thick wire or strip 
capable of carrying 100 amps, or more, thus rendering it 
unnecessary to use shunts. 

QUESTIONS. 

1. What are the advantages and the disadvantages of {a) moving iron, 
(b) moving coil measuring instruments ? 

A moving coil ammeter having a detachable shunt of 15/1997 ohm 
resistance gives a full scale deflection when a current of 10 amps, is passed 
through it, the potential difference across it being then 0.075 volt. What 
is the resistance of the instrument when the shunt is removed, and what 
current passing through the moving coil gives full scale deflection ? 
(UX.CJ., B, 1935.) 

2. Describe two distinct methods of damping indicating instruments. 
The resistance of the coil of a voltmeter, range 0-5 volts, is 40 ohms and the 
added series resistance is 460 ohms. This series resistance is removed and a 
shunt connected across the terminals of the instrument. Calculate the 
resistance of the shunt to make the instrument read as an ammeter, range 
0-5 amps. (U.E.I., S2, 1932.) 

3. Describe the construction of a moving coil voltmeter. 

A voltmeter of 100 ohms resistance reads up to 5 volts. What resistance 
must be placed in series with it in order that it may read up to 20 volts ? 

4. Explain briefly upon what factors the sensitivity of a galvanometer 
depends. Describe by means of a diagram how the use of astatic needles 
affects the sensitivity of a galvanometer. (C. & G., 1933.) 

5. Describe the construction and the action of a tangent galvanometer, 
and carefully state what precautions are necessary when the instrument 
is being used. 
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APPLICATIONS OP THE HEATING EFFECTS OF THE 

CURRENT 

The conversion of electrical into thermal energy can be 
performed with ease and efficiency and this has led to many 
everyday applications, the most familiar of which is probably 
the electric lamp. 

The Carbon Arc Lamp. — If a direct current supply of 
about 40 volts is passed through two carbon rods which are 
in contact, end to end, a very high resistance is 
offered to the passage of the current at the con- 
tact point. In consequence there is an intense 
local generation of heat and the carbon is 
vaporised. On separating the rods the current is 
now conducted across the gap by means of the 
carbon vapour, and its passage is accompanied 
by the formation of a bright luminous flame be- 
tween the ends of the rods. The temperature 
and the luminosity of the arc depend upon the 
magnitude of the current. 

The current itself is carried across the gap 
by the electrons and +ve ions, and the im- 
pact of these particles with the carbon poles 
causes these rods to become luminous and 
to gradually bum away. The different appear- Fhj. 140. 
ances of the poles of the arc are indicated in 
Fig. 140. The hollow in the +ve rod is known as the 
crater , and it supplies about 85% of the total iflumination 
and consequently is usually placed uppermost. Very re- 
fractory substances such asdiatnond and silica rapidly melt 
when placed in the crater where the temperature $ can 
' 3,500 p 0. ; and 4,000° €. • It should be^msted 
that the current in the arc does not obey Ohm’s Law, astite 
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are very inefficient for illuminating purposes, as only 3% of 
the energy supplied is available in the form of light ; they are 
primarily used to-day as resistances for various testing 
purposes. 

Metal Filament Lamp. — At temperatures above 1,300° C. 
the carbon filament volatilises, with the consequent blacken- 
ing of the bulb, but by using a fine t ung sten wire the tempera- 
ture may be raised to 2100° C. Above this temperature 
particles of the filament are liberated and become deposited 
on the interior of the bulb. This trouble was overcome by 
the distinguished American physicist, Irving Langmuir, in 
1913, and the procedure adopted was to fill the lamp bulb 
with a small amount of an inert gas such as nitrogen or neon. 



(a) Fig. 142. (&) 


The filament of a gas-filled lamp can be ** run ” at 2,500° C., 
when the light emitted is a nearer approach to “ white ” 
light. A further difficulty arises, however, from the cooling 
of the filament by convection currents in the gas, which is 
minimised by winding the wire in a very close spiral and plac- 
ing the latter horizontally in a pear-shaped bulb with a narrow 
neck (Fig. 141). A very recent improvement in the efficiency 
of the filament lamp is the “ coiled-coil ” lamp, in which the 
tungsten wire (Figs. 142 ( a ) and (6)) is initially coiled in the 
same way, but on a smaller radius, as the ordinary filament. 
This coil is then wound once again on a considerably larger 
radius, so that a much shorter and thicker coil is obtained. 
In this way the area effectively exposed to the cooling action 
of the gas is reduced, and thus the filament can be run at a 
higher temperature to give a greater brilliance. 

The gas-filled lamp is often indiscriminately referred to as 
the “ half-watt ” lamp, inferring that the rate of consumption 
of energy is |-watt per candle power, but actually it is usually 
higher than this value. 

14 
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Efficiency. — The efficiency of an incandescent lamp is 
usually defined as the number of watts consumed for each 
candle power (c.p.) of light supplied or 


Efficiency = 


Watts consumed by the lamp 
C.P. of the lamp. 


Thus a 60-watt lamp giving 40 c.p. has an efficiency of 

~ = 1*5 watts per c.p. 

40 


Measurement of the Efficiency of a Lamp. — In order 
to measure the efficiency of a lamp it is clearly necessary to 
determine the watts consumed by it, as well as the c.p. of the 
light that it furnishes. 

Instruments which are used for measuring illuminating 
powers are known as photometers, and a simple but efficient 
type of photometer is that due to Bunsen. In this photo- 
meter a grease-spot S is placed on the centre of a sheet of 
paper which is fixed in a vertical position. The standard 
lamp Lj of known c.p. and the lamp L 2 under test, are placed 
on opposite sides of the screen. The position of one of the 
lamps L 2 , say, is adjusted until the grease spot becomes 
indistinguishable from the rest of the paper, and in this 
position the illumination due to lamp L x at S —the ill umin ation 
due to lamp L 2 at S. If d x and d 2 are the respective distances 
of the two lamps L x and L a from the screen, then the following 
relation holds : 

C.P. of lamp L t __ 

C.P. of lamp L 2 ~ d 2 2 

or C.P. of lamp L 2 =(C.P. of lamp L £ ) ^ a 2 

d'l 

It should be noted in the preliminary adjustment of the 
position of the lamp I« 2 , that when the screen is viewed from 
the side of greater illumination, the grease spot will appear 
darker than the rest of the paper. Conversely from the side 
of lesser illumination the spot will appear brighter th».n the 
surrounding paper. If the lamps to be compared differ in 
colour, the exact setting of the photometer becomes very 
uncertain. 

To determine the watts consumed by the lamp, it is con- 
nected in series with an ammeter. A, and a rheostat, in 
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a circuit as shown in Fig. 137 (page 185). A voltmeter, V, is 
also connected to the terminals of the lamp. Then 

if I = ammeter reading and V = voltmeter reading 
Watts consumed =1 x V. 

From the data obtained, viz. the c.p. of the lamp and the 
watts consumed by it, its efficiency can be calculated. 

Experiment . — By means of the rheostat, R, vary the current 
flowing through the lamp, and use the Bunsen photometer to 
measure its light efficiency for different values of the power 
consumed by it. Commence the experiment with all the 
resistance in circuit and gradually increase the value of the 
current. Tabulate your results as follows : 


Ammeter 

Voltmeter 



Efficiency 

Reading 

Reading 

Watts 


Watts 

(I) 

. (V) 

= ix v 

C.P. 

- d.p. 


* 


t 

! 

i 

i 


Plot a graph showing how the 
efficiency varies with the watts con- 
sumed. 

The Mercury Vapour Arc Lamp. 

— The incandescent body in this type 
of lamp is a long column of mercury 
vapour, which is contained in a glass 
vacuum tube supplied with electrodes 
at each end. During the last few 
years a “ high-pressum ” (i.e. 1 atmos- 
phere or more) type of mercury vapour 
discharge lamp (Fig. 143) has been 
evolved suitable for large scale light- 
ing, and its light efficiency is at least 
three times as large as an ordinary 
gas-filled lamp. The mercury vapour 
arc lamp is a most powerful source 
of ultra-violet radiation, which has 
found considerable application in Current Leads 
radio-therapy. In this method of Fig. 143, 


B Zecfrode 


(flass Tube 


£ Zectrode 





TECHNICAL ELECTRICITY 


treatment for certain diseases the human body is exposed to 
the source of ultra-violet radiation. 

The Neon Lam p. — This lamp consists of an evacuated 
bulb containing a small amount of neon gas (at about 10 mm. 
of mercury pressure) and generally in addition about 20% 
of helium and a little hydrogen. The two electrodes vary 
considerably in their form, but in most commercial lamps the 
area of one electrode is much less than that of the other, 
and the lamps exhibit rectifying (see page 258) properties. 

In Kg. 144 a “ beehive ” type is shown, 

in which one electrode is an iron disc 
/ \ placed within, and at the base of a “ bee- 

/ \ hive,” the latter electrode consisting of a 

f j suitably coiled length of wire. 

\ / The current passes through the gas by 

\ Mrs J means of the ionised gas molecules (page 
\ \ \ J 1/ y 35), but the process of conduction does 

ffjn not start until a definite minimum 

| voltage, the sparking potential, has 

Ittliiik Tl been applied, its value being dependent 

II VP ^ II upon the pressure of the gas. The dis- 

charge glows with a brilliant orange-red 
Ini 1 light, which is used extensively for 

advertising purposes, for fog-light bea- 
Fig. 144. cons at aerodromes, and for pilot and 

indicator lights on electric cookers, etc. 
The student should perform the following simple experiment : 

Experiment . — Connect a commercial neon lamp to the 
200 volts (or more) D.C. mains in such a way that the larger 
electrode is covered with an “ orange-yellow glow.” This 
fact indicates that this electrode is now the cathode of the 
discharge tube, i.e. the electrode where the current leaves the 
lamp and is the one which is therefore connected to the nega- 
tive pole of the mains (this latter fact can be verified by other 
means, of course). Reverse the connections to the supply. 
The glow will now appear on the smaller electrode, hence the 
lamp may be employed to find the polarity of the mains. It 
is interesting to note that the dark space between the “ nega- 
tive glow ” and the surface of the cathode is known as Crookes 7 
Dark Space, named after its discoverer, the Rngliah scientist 
Sir William Crookes. The dark space between the anode ai?d 
the negative glow is known as the Faraday Dark Space. 


Fig. 144. 
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The rectifying property of a neon lamp arises from the fact 
that the current passing through a discharge tube is normally 
proportional to the area of the negative glow. Consequently 
when the larger electrode is the cathode a bi gg er current will 
pass than when the smaller electrode is the cathode. 

The rays from a neon tube are particularly valuable for the 
irradiation of plants, as a much greater quantity of carbo- 
hydrates are formed in the plant leaves under the action of 
red light, than say green light of the same intensity. 



Electric Lighting. — The current for the lighting of build- 
ings is obtained usually from electric supply mains. These 
distributing mains (D.M. in Eig. 145) obtain their power from 
the power station (P.S.) by means of 2-wire feeders (E). The 
•m«.rng are laid underneath the streets, and tapphigs are made 
to supply the various consumers A, B, 0, D, etc. The electric 
supply at the power station is obtained from machines known 
as dynamos (page 260), and their purpose is to convert 
mechanical into electrical energy. 

The chief features of a house lighting system are (a) the 
cables and wires, ( b ) fuses, (c) lamps and domestic appliances, 
and (d) the meters. 
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(a) The cables and wires in electric lighting circuits are 
always made of copper which is a much better conductor than 
iron. It also has a high ductility, i.e. it can be easily drawn 
out into a wire. A conductor which consists of one strand 
only is referred to as a wire, while a conductor comprising 
more than one strand is termed a cable. The usual number of 
strands used in the manufacture of Gables is 3, 7, 19, 37, 
61 and 91. The conductors are insulated with rubber, gutta- 
percha or impregnated paper. The number of strands used 
in any particular cable is determined by the current that it is 
intended, to carry. 

Electric lamps are always connected in parallel when used 
for lighting a building. This method has obvious advantages 
over the series arrangement. When the lamps are connected 
in parallel and one lamp breaks down the other lamps are not 
put out of circuit, whereas in a series arrangement a break in 
one lamp would stop completely any current passing. 
Furthermore, a parallel arrangement necessitates a much 
lower potential difference at the mains than does a series 
arrangement. 

It is evident that the voltage (Vi) supplied to a consumer 
is always less than that (V 2 ) delivered at the terminals of the 
dynamo, owing to the potential drop in the intervening cables. 
If R be the total resistance of the cables and leads, and I is 


the current flowing at any particular time, then V 2 =V 1 -f-IR. 
Furthermore, the loss of energy in the cable will be given by 
I 2 R and obviously for the maximum efficiency of trans- 
mission of power, this quantity must be a minimum. Now if 


P denotes the given power to be transmitted, then P=IY 1 or 

I=P/V 1 and therefore the cable losses may be written as 

pa 

y-g R. Hence these losses will be a minimum when R is 


small or Vx is large. Both these requirements entail increased 
oost, in the first case a bigger cross-section of conductor is 


necessary, while with higher voltages superior insulation of 
the cables will be imperative. In practice it is found that 
the latter of these two alternatives is more economical. 


(h) Fuses are the “ safety-valves ” of electrical circuits and 
are inserted to prevent too large a current from flowing through 
them. In brief the function of a fuse is that of a te cut-out,” 
and fur currents up to about 30 amps, the fuse wire is usually 
of lead or tan (or a tin-lead alloy). The wire is held in editable 
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brass clips fixed to a porcelain base (the latter providing both 
electrical insulation and also protection a gains t fire), and its 
gauge is chosen, so that when through a defect in the circuit 
the current reaches a predetermined safety limit, the extra 
heat generated is sufficient to cause fusing. For main circuits 
a mechanical circuit-breaker is generally employed. Small 
electric fiashlamp bulbs are inserted in the — ve leads of the 
H.T. batteries in wireless circuits to act as fuses. 

(c) The lamps employed in lighting circuits are usually 
vacuum or ' gas-filled incandescent lamps, and they are 
designed to operate at the various standard voltages. 

(d) The various types of energy meters will be discussed 
later. 

Example . — A direct current generator which operates at 
400 volts supplies a current of 45 amps, to a factory, through a 
line having a resistance of 2.1 ohms. Determine (1) the power 
developed by the generator, and (2) the voltage at which the 
factory receives its electric supply. 

Power developed by generator 

—45x400 watts 
=18,000 watts 
=18 k.w. - 

By Ohm’s Law the potential drop along the line 

=RXI 
=2.1x50 
=105 volts. 

Hence the factory receives its electrical energy at a voltage 
of 400— 105=295. 

Domestic Appliances.- — The demand for these appliances 
is incr eas ing rapidly with the ever-growing use of electrical 
power. In general the heating element carrying the current 
usually consists of a high resistance wire (or strip) made of 
piftIrfi].nliT n tm‘iim alloy, which has a high electrical re si st anc e 
and does not oxidise at red-heat. 

Electric Fires . — In electric fires the heating elements are 
wound on fireclay insulators in the form of spirals, so that they 
occupy only a minimum of space. The heated wires give 
rise to convection currents in the air., and they are so arranged 
that the heat is dispgrs^ o ver * as possible. 
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The Electric Kettle. — This appliance is furnished with two 
“ bottoms,” the heating element being placed between them, 
but is insulated by means of sheets of mica. The kettle is 
normally made of polished copper or nickel plate and is 
mounted on heat-insulated feet. The efficiency of a good 
electric kettle is between 85% and 90%, while that of an 
ordinary gas ring is usually below 60%. 

The Electric Iron. — In this case the heating element is so 
distributed that a uniform temperature is established all over 
the iron sole. The element is electrically insulated from the 
sole, but the best possible thermal contact is maintained 



between them, and the sole transfers the heat to the fabric 
by conduction. 

Other Appliances. — Electric furnaces are of two kinds. 
In resistance furnaces the heat is obtained by the passage of a 
current through wire wound in grooves on an insulator. 

In the other type which is known as the arc furnace , the high 
temperature is obtained by means of an electric arc which is 
caused to play in the region where the heat is required. A 
typical example of this class of furnace is shown in Fig. 146. 
Since currents of the order of 10,000 amperes are necessary, the 
power is obtained from the secondary of a step-down trans- 
former T (page 250), using the A.O. supply. 

Electrical Resistance Welding. — In this process a strong 
electric current is passed across the junction of the two 
pieces to be welded together. Although the contact resistance 
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between the metals is itself low, it is much greater tlum that 
of the rest of the circuit (note the single turn S of th e secondary 
winding of the transformer PS in Fig. 147), consequently there 
is an intense local development of heat. The junction, W, 
is heated quickly to the welding temperature, and the pieces 
are then mechanically forced together. 

In arc welding ah electrode of carbon or metal is fitted with 
an insulating handle, and connected to a specially designed 
direct current generator. The position of the electrode is 
adjusted until an arc is struck between it and the metal to 
be welded. 



The intense heat of heavy carbon arcs is also utilised for 
the cutting of metal tubes. 

Various articles of wearing apparel are frequently electrically 
heated when worn by airmen flying at high altitudes. In 
this case flexible resistance strips are sewn into the garment, 
and the ends are joined to a suitable electrical supply. 

Example . — A heating appliance is fitted with two elements 
each of resistance r ohms. Compare the degrees of heating 
obtained when the appliance is connected to the mains and 
the current passes (1) through one element only, (2) through 
the two elements when they are connected in series, and (3) 
through the two elements when they are connected in parallel. 

Let V volts be the potential drop at the mains. 

(1) When the current passes through one element only. 

Let I, be the value of the current, 

V 

Then I j— — 

1 r 
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ya 

/.Heat developed in one second (HJ — Ii 2 / = . r 

ya 

= — joules. 


(2) When the current passes through the two elements con- 
nected in series. 

Let I 2 be the value of the current. 


y 

Then I 2 = -«- 
2 2r 


ya 

/.Heat developed in one second (H 2 )=I 2 £5 2r 


y2 

= gr i oules - 

( 3 ) When the current passes through the two elements con- 
nected in parallel. 

Let 1 3 be the value of the current flowing through each 
element. 


V 

Then I, = — 

3 r 


/.Heat developed in each element 


Is 2 ** 

ya 

= s.r 


ya 

= — joules. 

2V 2 

.Heat developed in the two elements (H s ) = joules. 


/•H-, : H« : H s = 


ya 


1 Y 2 

2 r 


2V* 



QUESTIONS. 

1. Describe carefully how you would determine the efficiency of an 
electric lamp. 

2. Describe briefly the main features of the lighting system of a house. 
Why are the lamps always connected in parallel rather than in series ? 

3. Compare the construction and the efficiencies of the several types of 
filament lamps. Describe a recent development in the construction of 
gas-filled lamps and explain its object. (U.E.I., S2, 1936.) 

4. Give a short account of various domestic appliances in which electrical 
hearing is utilised. 

6. Describe the process of electric welding. 
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ELECTRICAL MEASUREMENTS 

Measurement of Resistance. — The four principal labora- 
tory methods of measuring resistance are (1) the ammeter- 
voltmeter method, (2) the method of substitution, (3) the 
Wheatstone bridge method, and (4) the potentiometer method. 

The Ammeter-Voltmeter Method.— This is a direct 
application of Ohm’s Law. The potential difference across 
the unknown resistance R is measured by a voltmeter, V, 
and the current passing by an ammeter A, whence 

Resistance = Voltmeter Reading -r Ammeter Reading. 



[a) Fig. 148. (6) 


There are two alternative methods of connection to be 
considered, however, viz. (a) and (b) in Eig. 148. In order 
to ascertain the preferential method of connection, consider a 
particular case where R=400 g>, the voltmeter resistance 
(R v )= 1,000(0, the ammeter resistance (R A )=5*0o>, ami the 
current (I) passing in the main circuit is 0*05 amps. let Iy 
and Ir denote the currents passing through the voltmeter and 
resistance respectively. 

Case (a).— By Ohm’s Law it follows that 

I v xR v =Ir (Ra+R) 

I v _ 405 

° r S - iooo • 

But Iy-|“Ig = I = 0’05 unips. . 

203 


(1) 

( 2 ) 
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Hence from (1) and (2) it is easily found that 

T 10 , T 405 

Ir = 28 T ampS * and Iy * oqTaa am P s * 


28100 


405 


/.V (the voltmeter reading) = I v x R ^= 28100 Xl > 000 


It follows that 


405 

= 2M volts 


e+b a = i - 


405 . 10 


= 405 


l b 28*1 ’ 281 

i.e. R— 405— R A ==400<o, which is, of course, the correct value 
of the resistance. 


Case (5). — Proceeding as in the previous case it is found 

400 


that f^-= 

lit 


1000 

andhenoo I v = lamps, and V 


1000 

70 


volts. 


But in this case the current registered by the ammeter is 
that passing in the main circuit, i.e. 0*05 amps. 

„ Voltmeter Reading _ 1000/70 

Ammeter Reading ~ 0*05 <0 * 

which shows a considerable divergence from the true value. 

It should be noted, of course, that in connection {a) the 
resistance of the ammeter was assumed to determine R, but 
it Is evident that the error involved if this was unknown is 
negligible compared with the error involved in the (b) con- 
nection. Hence the ( b ) method of connection is quite inac- 
curate for the measurement of resistances comparable in 
magnitude with that of the voltmeter itself, for in these cases 
the current flowing through the voltmeter is comparable with 
that flowing through the resistance, and the ammeter records 
the sum of these currents. 

If the resistance R is relatively small compared with R v , 
then the error involved in using the (6) connection is much 
less, e.g. if R = 40o> it can be shown as above that the 

.. Voltmeter Reading * 

ratio -jr — — s= 38*5 

Ammeter Reading 
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The ammeter-voltmeter method of measuring resistance is 
very useful for approximate determinations and is in general 
use in electrical engineering. 

The Method op Substitution. — In this method the un- 
known resistance X {Fig. 149 (a)) is placed in a circuit 
containing a tangent (or pointer) galvanometer (T.G.), a 
battery, E, variable resistance box, R, and a plug key. With 
6 and d connected the galvanometer deflection is noted. 
The circuit is now broken 
and then made again be- 
tween c and d, the resist- 
ance in R being initially 
made large to avoid the 
possibility of over - de- 
flecting the galvanometer. 

R is now adjusted until 
the galvanometer deflec- 
tion is the same as pre- 
viously, when the value 
of R will be the measure 
of the unknown resistance 
X. If a plug key is not 
available an alternative 
circuit is shown in Fig. 

149 (6), making use of 
a tumbler electric light 
switch, S X S 2 . When the 
switch knob is down the 
two connecting points S x 
and S 2 , are bridged by 
the copper connecting strip of the switch so that the unknown 
resistance X is short-circuited, and therefore virtually removed 
from the circuit. With the switch in this position the resist- 
ance R is adjusted to give a suitable deflection, and the magni- 
tude of R is carefully noted. The knob of the switch is now 
raised so that X is brought into the circuit and R is again 
adjusted so that the same galvanometer deflection as pre- 
viously is obtained. The value of X will now be equal to the 
difference in the values of R in the two experiments. 

If the value of X is large the tangent galvanometer may be 
conveniently replaced by a more sensitive galvanometer or a 
mifliammeter. 



5 , 


<*> 

Fig. 149. 
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The Wheatstone Bridge. — This is by far the most 
satisfactory of the ordinary methods of measuring resistance. 
The arrangement was devised originally by Professor Hunter 
Christie of the Royal Military Academy, Woolwich, and was 
later popularised by Professor Wheatstone. Charles Wheat- 
stone started life as a manufacturer of musical instruments, 
but later became Professor of Physics at Bang’s College, 
London. 

The bridge consists essentially of four resistances, R 1? R 2 , 
R 3 and R 4 (Pig. 160), arranged so that two series groups are 

in parallel with one an- 
other. A battery, E, is 
connected between the 
common terminals, A and 
B, of these groups, while 
x a galvanometer, G, and 
key, K, are inserted be- 
tween the junctions C and 
D. Let Rj and R 2 be 
a chosen so that the ratio 

= n say, is known. 

Again R 4 is the un- 
known resistance and 
Pig. 160 . therefore fixed, so that 

R s is the adjustable re- 
sistance. How if Ij and I 2 are the currents flowing in the 
arms AGB and ADB respectively, then the following results 
are evident by Ohm’s Law. 

The P.D. from A to C=I 1 R 1 
The P.D. from A to.D=I 2 R 3 

How if the value of R 3 is chosen so that the P.D. between 
A and C is equal to the P.D. between A and D, i.e. I 1 R 1 =I 2 R 3 , 
then C and D must be at the same potential since A is a 
common point. 

If this condition has been realised, then on depressing the 
key in the galvanometer circuit no current will flow through 
the instrument. Furthermore, since the P.D. between A and 
B is given either by I t (R^+Rg) or I 2 (R 3 -j-R 4 ) it immediately 
follows that liRj—IgR^ since I 1 R 1 =I 2 R 3 . 
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Combining the two relations the condition for the balance 
of the bridge is that 

BB, LB, 

IiR 2 “ 0^4 

i Q. _ ^3 


But n and hence B 4 ==^. B s = — 

B 2 4 B 2 3 n 

The two arms , AC and CB, of the bridge, containing the 

resistances B x and B 2 respectively, are known as the ratio 

arms. 



Pig. 151. 


The Metre Bridge. — This is the simplest form of Wheat- 
stone Bridge and consists of a uniform wire ab (usually 1 metre 
or £ metre in length), soldered to the L-shaped ends of a copper 
bar (shaded in Fig. 151) which has two gaps in its length. 
The unknown resistance B 4 and a resistance box (or fixed 
resistance), B s , are respectively inserted in these gaps. The 
lettering of the figure is made to correspond with that of 
Fig. 150, and it is to be assumed that the resistance of the 
copper bar is negligible. 

The resistance B 3 having been fixed, the adjustable contact 
C is moved along and the wire is tapped at a succession of 
points until the galvanometer is undefiected. In this position 

the condition holds that B 4 = 5s. B s . Now the bridge wire 

ab is uniform, and hence its resistance per unit length is con- 
stant and equal to r ohms, say. 
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R a =Z 2 r and R 1 =Z 1 r. 
Hence Ss=i£=*i- 

E*! l-p li 


It follows that R, 


?!2 T > ^2 T > (100 — Z x ) p 

“ R x * - V T x — * Ri 



if the wire is 100 cms. long 
and l x is measured in cms. 

The Rost Office Box. 
— This is a commercial 
form of the Wheatstone 
Bridge to enable resistances 
to be measured rapidly. It 
consists of a number of 
coils of known resistance 
(see Figs. 152 (a) and (6)), 
which form three arms of 



Fig. 152 . 


T x and T 2 (Fig. 152 ( b )) are 
box. 


the bridge, while the fourth 
arm consists of the resist- 
ance R 4 , which is to be 
measured. The lettering 
in Fig. 152 (a) conforms 
with that of Fig. 150, so 
that it is easily seen that 
when balance is obtained 

Rj Rg 

R 2 r 4 

In order to avoid the 
necessity of keeping the 
battery and galvanometer 
in the circuit during the 
whole of the time that 
measurements are being 
made, two tapping keys, 
to the ebonite cover of the 


The connections for these keys vary in different types of 
boxes. In the pattern shown, the galvanometer terminal C 
is connected by a strip (shown dotted in Fig. 152(5)) inaida the 
box to the stud c, and the battery terminal A is similarly 
connected to a. When the keys, T x and T 2 are depressed, the 
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battery and galvanometer are respectively put in circuit. 
The battery key should always be depressed before the 
galvanometer key, to avoid possible inductive effects (Chap. 
XIII). 

The ratio arms AC and CB each consist of three coils of 


10, 100 and 1,000 ohms respectively so that ratios 


1000, 

100 


1000 100 
10 5 1000 


and 


10 


1000 


( „ 10 
(^as well as 


100 

100 


or 


1000 \ 


1000 ; 


) 


can 


be obtained between them. The arm AD consists usually of 
coils of resistances varying from 1 to 5,000 ohms, so that by the 
use of the ratio arms it is possible to use the P.O. box to 
measure resistances ranging from 0.01 to 1,111,000 ohms. The 
P.O. box is unsuitable for the accurate measurement of low 
resistances, and it is most sensitive when the unknown 
resistance and the resistances of the ratio arms are of the same 
order of magnitude. 

The following example will illustrate the method of using 
the bridge to measure a resistance. 

Suppose the coil whose resistance is to be measured has been 
placed in the fourth arm of the box, and the resistances R x 
and R 2 are each made equal to 10 ohms. An approximate 
balance is obtained by taking out plugs in the arm AD. 
Suppose that in this manner the resistance R 3 is found to 
lie between 15 ohms and 16 ohms. The 100 ohm coil is next 
inserted in AC in place of the 10 ohm coil, and the nearest 
balance possible is again obtained. The resistance in the 
arm AD will now lie between 150 ohms and 160 ohms. Sup- 
pose that 153 ohms is too small and that 154 ohms is too 
large. The resistance R s clearly lies between 15.3 ohms and 
15.4 ohms. The 100 ohm coil in AC is now replaced by the 
1,000 ohm coil and, proceeding as before, the value of R s 
can be obtained correct to two decimal places. 

Experiment , — Use the P.O. box to determine the value of, 
say, a 25,000 ohms wireless resistance. In this particular 
case R x and R 2 , the ratio arms, should be made equal to 100 
and 1,000 ohms respectively. 

The Potentiometer Method oe Measuring Low Resis- 
tances. — The previous methods reviewed are not suitable for 
the measurement of low resistances, but with this method 
great accuracy is obtainable. The theory of the potentio- 
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meter is dealt with on page 227, to which reference should 
he made. 

In Fig. 153 PQ is the potentiometer wire, and T the adjust- 
able contact. The unkn own resistance X is connected in 
series with a standard low resistance S, an adjustable resist- 
ance R, an accumulator E, and an ammeter, A, which is to 
act as an approximate indicator of the current (I) flowing in 
the circuit. 


£ 



With a and b respectively connected to c and d and hence 
to the ends of S, balance the potentiometer. Let PT=Z 1 . 


Tli P.D. across S l x 

en P.D. across PQ “ length PQ 


( 1 ) 


Now connect a and b to e and / respectively and determine 
the P.D. across the unknown resistance X. If PT is now 


equal to l % 


Then 


P.D. across X Z 2 

P.D. across PQ~ length PQ 


(2) 


Combining (1) and (2) it is easily seen that 
P.D. across X __ l 2 
P.D. across S “ l[ 


( 3 ) 
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But if X and S are the resistances in ohms and I is the 
current flowing through them, then by Ohm’s Law the P.D. 
across X=I.X and the P.D. across S=I.S. 

. P.D. across X __ I.X_ X . 

1,e ‘ P.D. across S ~ I.S S * * ' 

From (3) and (4) it is evident that 

X_j2 

s ~h 

or X = h S 
A 1 

Specific Resistance. — The resistance of a conductor is 
found to vary directly as its length, Z, for if the length of a 
uniform resistance wire is exactly doubled or trebled, its total 
resistance is also increased to two and three times respectively. 

Now consider two wires of equal cross-sectional area. A, 
and resistance r connected in parallel, then the combined 
resistance R=r/2. These two wires, however, may be re- 
placed by a single wire of double the cross-section, whence 
it is apparent that doubling A has decreased the resistance 
by or the resistance of a uniform wire is proportional to 

^ — t - — * La other words an electric current will 

area of cross-section 

flow more easily through a thick than through a thin con- 

ductor (since I oc oc A for a constant applied P.D.), which 

is comparable to the fact that a capillary tube (i.e. a tube of 
narrow bore) offers a greater resistance to the passage of 
water than does a wide bore tube. 

In general, therefore, R oc orR= p where l is the 

m 

length of the wire, A is the area of cross-section, and p (rho) 
is a constant for any one material and is known as the specific 
resistance of the material. 

Now suppose Z=1 cm. and A=1 sq. cm., then by substitu- 
tion in the above expression p is numerically equal to R, i.e. 
the specific resistance of a material may he defined as the 
resistance between opposite faces of a cm. cube of the material. 
For example, p is the resistance between the feces P and Q 
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(Pig. 164) to the passage of a current in the direction of the 
arrow. 

2 Vote . — The specific resistance p is not the resistance of a 
cubic cm. of the material as the resistance of any such given 
volume of material may he widely varied by altering its shape, 
p which is usually dependent upon temperature, will therefore 
be expressed in o hms per cm. cube, e.g. p for copper at 18° C. 
is 1-63 xlO -6 ohms per cm. cube, or 1*63 microhms per cm. 

cube 10~ 6 ohm — ohm = 1 microhm. 

Note . — p is NOT 1*63 X 10~ 6 ohms per cc. 

If the inch is taken as the unit of length, then p will be 
expressed in o hms per inch cube. 

Experiment . — To determine the specific 
resistance of the material of a wire. 
Obtain a length of wire which should be 
free from kinks and place it in one of the 
gaps of a metre bridge or in the fourth 
arm of a Post Office box. Determine the 
resistance R of the wire as indicated 
previously. Next measure the length l 
of the wire, taking care to exclude from 
the measurement the parts that are in 
contact with the terminals of the bridge. 
The diameter of the wire is then ob- 
tained by means of a micrometer screw 
Fig. 154. gauge, and measurements should be 

made in at least twelve places in two 
directions at right angles. If d is the mean value of the dia- 
meter, and A is the corresponding area of cross-section, then 

A = Great care should be exercised in measuring the 

diameter, for since d is squared any error introduced in its 
measurement doubles the error in the value obtained for A. 


Since R = p . . 


Then p 


E -t 


* Asthe dimensions of A fl are those of a length, it follows that the. unit 
of specific resistance may. be also expressed as an ohm. cm. 
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Experiment. To inake a 1 -ohm coil. — Take a known length 
of the wire provided for the purpose of the experiment and 
determine its resistance by means of the metre bridge. Make 
sure that the measured length is that of the free wire, and 
that it does not include the ends of the wire which are in 
contact with the terminals of the bridge. Next calculate the 
length of wire required to give a resistance of 1 ohm and 
cut off this length from the wire provided. Wind the wire 
round a suitable bobbin, taking care, if the wire is uninsu- 
lated, that adjacent coils are not in contact. An ordinary 
lead pencil will serve as a bobbin if nothing more suitable is 
available. 

By means of the Wheatstone bridge measure the resistance 
of the coil constructed, and so check the accuracy of the work. 

Experiment. To determine what length of the wire B must 
be joined in parallel with one metre of the wire A so that the 
joint resistance may be one ohm. — Measure off one metre of the 
wire A and deter mine its resistance by means of the Wheat- 
stone bridge. Let this be x ohms. If the required resistance 
of the wire B which is to be connected in parallel with the 

wire A is y ohms, then — + — = 1. Calculate the value of y 

x y 

from this equation. 

Next measure the resistance of a known length of the wire 
B, and from this determine the length required to give a 
resistance of y ohms. Cut off this length and join it in 
parallel with the one metre length of the wire A. Check the 
accuracy of the work by measuring the resistance of the two 
wires by means of the Wheatstone bridge. 

Example . — The diameter of 24 Standard Wire Gauge 
(S.W.G.) wire is *022 in. Calculate the resistance of 100 yards 
of 24 S.W.G. eureka wire if the specific resistance of eureka 
is 18*9 microhm per inch cube. (1 microhm = iooqooo ohm.) 

I 

The resistance R = p ohms. 

Now £=100 yards =3,600 ins. 

A = jjjg. w b ere d — diameter of wire 

4 4 


and p=18*9 X 10"® ohms per in. cube. 



18*9 X 10~® X 3600 X 4 
wX 0*022® 


ohms =179*1 0 fans. 
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Example . — The specific resistance of manganin is 41 
microhms per cm. cube. What length of manganin wire 
of S.W.G. 22 is required to give a resistance of 1 ohm ? 
(Diameter of 22 S.W.G. wire =='07 11 cm.) 

In this example R=1.0 ohm, p=41.0xl0“ 6 ohm per cm. 


cube and A 


tcX *0711 2 
4 


sq. cm. 


RA 1*0 X^X 0071 1 2 

p “ 41*0xl0~ 8 x4 

= 96*85 cms. 


cms. 


Resist ance Coils and Boxes. — The coils in Post Office 
or other types of resistance boxes are usually constructed ‘as 

indicated in Pig. 155. The silk 
covered wire {w) comprising any 
coil is wound on a wooden or 
brass bobbin, B, so that the wire 
is doubled on itself at the middle 
of its length. This non-inductive 
winding, as it is termed, is 
adopted to avoid self-induction 
effects (see Chap. XIII) at the 
make and break of the current 
in the circuit containing the re- 
sistance, and to prevent the 
current which is passing in the 
coil from creating a magnetic 
field in its neighbourhood, which 
would for example directly dis- 
turb the indications of a moving 
needle galvanometer. The coils 
are insulated carefully with shellac varnish and in high grade 
apparatus they are protected from the effects of moisture by 
a coating of paraffin wax. 

The endB of each coil are soldered to brass blocks (C^ C 2 , 
etc.) fixed to the ebonite cover of the box. Plugs of brass 
(P) with ebonite handles (H) closely fit into the conical gaps 
separating the brass blocks, and when any plug is in position 
the current will flow almost completely through it from 
the one contacting block to the other. In other words the 
coil will be short-circuited by reason of the fact that the cross- 



Fig. 155. 
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section of the block is very large, and hence its resistance is 
extremely small. It is obvious that the removal of any plug 
will insert the corresponding resistance in circuit. 

Another form of resistance box which is finding increased 
favour by reason of recent improvements in design, is that 
known as the dial type. It consists essentially of a contacting 
or switch arm which moves in a circle about a centre, and in 
turn makes electrical contact with a number of metal studs. 
A series of resistance coils, often identical in value, are 
connected between the studs. A dial resistance box is 
generally composed of a number of dial units connected in 
series. 

The material of the wire forming a resistance coil should 
be such that it changes very slightly with temperature, and 
remains unaltered with time when its temperature is main- 
tained constant. Alloys, e.g. manganin and German silver, 
satisfy the former condition and also the latter, provided the 
wire is carefully annealed by heating to a suitable tempera- 
ture. Furthermore, alloys have an added advantage over 
pure metals in possessing a higher specific resistance, so that 
in constructing a given resistance a smaller length of wire 
will be required. 

The cross-section of the wire to be used for any coil is 
chosen so that its insulation will not be damaged by the 
heating of an electric current, unless this exceeds a maximum 
permissible value. As a general rule the power dissipated 
in any coil of a resistance box should not exceed 0*1 watt. In 
potentiometer measurements standard resistances are required 
which will carry large currents, and for this purpose they are 
specially designed to enable them to be cooled by oil immersion. 

Effect of Temperature on Resistance. — When a pure 
metal such as copper, iron or platinum is heated its electrical 
resistance increases (see Fig. 156). This behaviour may be 
explained by the fact that, according to the dynamical theory 
of heat (ef. page 11), the thermal agitation of the atoms of 
the metal will become greater as the temperature rises, i.e. 
the os cillat ions of the atoms about their positions of rest will 
he more rapid. Consequently the moving electrons will 
suffer more collisions with the metallic ions, or, in other 
words, the resistance to their motion will be increased, just 
as it is harder to progress through a flock of agitated sheep 
th an through a forest of stationary trees. It follows from the 
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ELECTRICAL MEASUREMENTS 


217 


above reasoning that as the temperature of a metal is reduced 
its resistance will decrease also, and it is even found that with 
some metals such as lead and mercury the resistance becomes 
negligible at very low temperatures. This property is known 
as “ supra-conductivity,” and means that the electrons have 
almost complete freedom of movement, so that when a 
current is " induced ” (see Chapter XIII) in a closed ring of 
the metal, kept at these low temperatures, it will continue to 
circulate for an extremely long period of time. 

Over a small range of temperature (say 0° C. to 100° 0.) 
the change in resistance of a large number of metals is pro- 
portional to the increase in temperature. Hence if R* and R 0 
are respectively the resistances of a conductor at t° C. and 
0° C., then R* — R 0 is oc t. 

It follows that — ~ t> — is oc t 

jRf — . . , 

or — — - is a constant. 

-tCn • * 


This constant is usually written as a (alpha), 
and is known as the temperature coefficient of 
resistance over this temperature range. The 

identity * = a may also be written as 

X\»o * 

JR t = R 0 (1 + ai) which expresses the linear 
relationship between resistance and temperature. 

The value of a for a number of metals is 
approximately per ° C., which means 

that the resistance of a pure metal increases 
about 1% for each 2*5° C. rise in temperature. 

Experiment. — To measure the temperature co- 
efficient of resistance of a wire. — Wind the wire 
non-inductively (page 214) on a frame of an in- 
sulating material, wood is suitable if covered 
wire is employed, and solder the free ends to 
thick copper leads passing through a cork 
which closes the open end of the test-tube con- 
tainer (Fig. 157). Connect this resistance in 
the “ open ” arm of a Post Office box or a metre 
bridge, and with the test tube placed in a beaker 
containing melting ice, determine the value of 
the resistance when it has become constant. 


<s> 



Fig. 157* 
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i.e. when it has attained the temperature of the melting ice. 
Let the resistance of the wire at this temperature be denoted 
by B > 0 . Next repeat the experiment with the test tube placed 
in a beaker of water heated in turn to a number of different 
temperatures between 0° 0. and 100° C., the temperatures 
being observed with a mercury thermometer. Tabulate your 
results as below and plot a curve showing the relation between 
resistance and temperature. 


Temperature 

°C. 

Resistance of 
wire in ohms. 




Prom the curve obtained, deduce the resistance of the wire 
at 100° C., i.e. R 100 , and hence calculate the temperature 

J> t> 

coefficient a from the expression a = tp* 0 1AA ° 

JKf0 X A 00 

Example . — A platinum thermometer (see below) was con- 
nected in one arm of a Post Office box and its resistance at 
0° G. and 100° C. was found to be 2*83 and 3*83 ohms 
respectively. Determine the temperature coefficient of plati- 
num over this range of temperature 

Here R 0 =2*83ta and R 100 =3*83o>. 

• ~ — ?io<r- _ 3*83-2*83 1*00 

R 0 X 100 2*83 X 100 — 283 

i.e. a =0*00353 per ° C. 


Resistance ^ Thermometry. — -When the temperature co- 
efficient of resis t ance of a metal has been accurately found, 
its value can be utilised for the actual experimental determine- • 
tion of temperature. For this purpose the resistance R 0 of 
the conductor at 0° C. must be measured, and if R* is its 
resistance at the unknown temperature t° C., then it follows 


since R* = R„ that t = . 

« cc 
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A suitable metal for use as a resistance thermometer is 
platinum, as it has a fairly large temperature coefficient and 
its resistance-temperature relation does not depart so widely 
from a straight line as in 
other metals. Furthermore, 
it is not easily oxidised and t£Aos 
consequently can be em 
ployed up to 1,000° 0., if 
inserted in a protective 
porcelain tube. The fine 
platinum wire (about 0*005 
in. diameter) is wound on 
a mica frame and its free 
ends are hard-soldered to 
copper leads. For very ac- 
curate work the variable 
resistance of the leads is 
eliminated by employing a 
second pair connected to 
a very short piece of 
platinum wire, which ex- 
plains the presence of the 
four terminals at the 
44 head ” of the resistance 
'pyrometer shown in Fig. 

158. The difference in 
the resistances of the two 
platinum wires is now 
measured. 

Resistance Coils. — The 
change of resistance of 
alloys with temperature is 
much smaller than for pure 
metals. Thus the resist- m . otses 

ance of German silver c - MttcM emct&s 

which is an alloy of copper, tfu/ - w'/er 

zinc and nickel increases * - tfAOi 

with temperature at about Fro. 158. 

one-tenth of the rate that 

the resistance of pure copper does, while the rate of 
increase for manganin (an alloy of copper, nickel and 

manganese) is found to be less than of that of copper. 


is 

jj!L 

ml 


W/4RT 


Fig. 158. 
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Consequently when it is desired that the resistance of a coil 
should remain as constant as possible, e.g. in resistance boxes, 
alloys are invariably used for the winding of the coils. 

Experiment. — To determine the resistance of a metal filament 
lamp when varying values of current pass through it . — A lamp 
is connected in series with an ammeter, a rheostat and a key. 
A voltmeter is connected to the terminals of the lamp. 
Before the circuit is closed, care should be taken that the 
positive terminals of both instruments are on the positive side 
of the circuit. When the whole resistance is in, close the key. 
Enter the ammeter and voltmeter readings if these are fairly 
high. Next, slowly diminish the resistance, and at various 
stages during the process, take the readings of the two instru- 
ments. As the current is allowed to increase the lamp 
gradually becomes hotter, and eventually attains white heat. 
Calculate the resistance for various values of the current and 
tabulate the results as follows : 



Plot the resistance against the wattage, which can be 
regarded as a rough indicator of the temperature. The curve 
obtained should show that the resistance of tungsten increases 
with temperature. 

Iron is often employed for the filaments of barretters, which 
are regulating lamps included in an electrical circuit (e.g. 
in a wireless receiving set) in order to keep the value of 
the current constant. This effect is attained by a suitable 
choice of the gas, in the lamp, and of the filament resistance, 
so that the given current heats the wire to about 670° C. At 
this temp, the increase of res. of iron is very large. 

Experiment.— To determine the resistance of a carbon lamp 
when varying values of current pass through it, proceed as in 
the previous experiment. 
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On plotting a resistance- current curve it will be noted that 
the resistance decreases with a rise of temperature. 

The temperature coefficient of resistance of carbon is there- 
fore negative. The same is true for glass and other so called 
insulators. The resistances of all electrolytes decrease very 
rapidly with rise of temperature, which means that the 
+ve and — ve ions (page 145) can move more easily through 
the solution. The explanation of the effect, however, is too 
complicated to consider here. 

s 



Measurement or High Resistance.— I n the case of the 
measurement of resistances of the order of a megohm (10® 
ohms) and upwards the ordinary Wheatstone bridge method 
is unsuitable since the bridge is insensitive under these 
conditions.. 

The simplest method which may be employed is a direct 
deflection method, the circuit connections being shown in 
lig. 159. 

Let X be the unknown resistance and let R be a known 
high resistance, e.g. a megohm. 

is a key placed in the arm of the circuit containing X, 
and K 2 is a key in the arm containing R. G is a sensitive 
galvanometer. 
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Let E be the electro-motive force of the battery, B its 
resistance, and let G be the resistance of the galvanometer. 
Let the current through the circuit be I x when the key K x 
only is closed and let S x be the corresponding galvanometer 
deflection. Then 

11 “b+G+X = K8 i . . • . (1) 

Where K is a constant of the galvanometer. 

If I 2 is the current in the circuit when the key K 2 only is 
closed, and S 2 is the corresponding galvanometer deflection, 
then 

B+G+R ~ K * 2 ( 2 ) 

Dividing (1) by (2) 

B-fG-j-R Sj 

B+G+X “ 

The value of B is negligible by comparison with X, R and 
G, and 

‘ = ^ ver y approximately. 


Hence X - ( s »-*i) Q +»sR 

A high resistance which is suitable for a laboratory experi- 
ment is obtained by drawing a fairly thick pencil line on a 
sheet of glass and clamping the. glass with terminals so 
that they overlap the pencil mark. Alternatively a glass tube 
about 30 ems. long and 1 cm. diam., with upturned ends for 
the insertion of wire electrodes, may be used if the tube is 
filled with ordinary distilled water. 

The Megger. — The “ Megger ” is a direct-reading instru- 
ment for the measurement of insulation resistances. Pig. 160 
shows diagrammatically the construction and connections 
(indicated by dotted lines) of a type of the ins tr ument manu- 
factured by Evershed and Vignoles. The poles at the left- 
hand end of the permanent magnet system form the magnetic 
field of the measuring instrument or ohmmeter. The ohm- 
meter consists of three coils (G, P and B) rigidly connected so 
that they move together with the pointer n. The current 
coil C is connected in series with a resistance r, the unknown 
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resistance X and the applied e.m.f. which is supplied by the 
generator G. X is actually inserted between the line (L) and 
earth (E) te rminal s of the instrument, and r is a resistance 
to protect the current coil if these terminals should be accident- 
ally short-circuited. The pressure coil P is connected in series 
with a compensating coil B, and a high resistance B. across the 
terminals of the generator. The windings of the pressure and 
current coils are such that the coils tend to rotate the moving 


R 



Fig. 160 . 


system in opposite directions when a current passes through 
them. The system will thus move to a position of -equili- 
brium where the turning moments exerted by the coils are 
equal in magnitude. 

The coil B is wound in opposition to P, and its purpose is 
to minimis e the effect of stray magnetic fields, and also to 
render the scale divisions of the instrument more uniform. 
This uniformity is also improved by the shaping of the left 
hand upper pole as indicated in the diagram. The generator 
G which is incorporated in the instrument is hand-driven 
and supplies an e.m.f. of the order of 500 volts. “ Me gg ers ” 
are designed to cover a wide range of maximum values from 
10 megohms to 10,000 megohms. 
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Resistance of a Cell. — The theory of the experiment 
described below becomes clear by considering a circuit in 
which a cell B is connected in series with a key K, and a 
resistance box R. When the circuit is closed the current I 
that flows through it is the same in all parts, and the electro- 
motive force of the cell can be regarded as being used for two 
purposes, viz. (1) to drive the current through the cell itself, 
and (2) to drive it through the resistance in the box. When no 
current is flowing the potential difference between the plates 
of the cell gives the value of the electro-motive force of the 
cell (page 162). When a current flows through the circuit 
the potential difference between the plates drops in value and 
is equal to the part of the electro-motive force which is used 
to drive the current through the resistance in the box. The 
remaining part of the electro-motive force is used to drive the 
current through the resistance of the cell itself. 

Experiment. — To determine the resistance of a cell using a 
voltmeter . — Connect a cell B to a resistance box R through a 
key K. Also connect a voltmeter V to the terminals of the 
cell. Let E be the voltmeter reading when no current is 
passing through the cell. Close the circuit and insert a 
resistance of R ohms in it. If B ohms is the resistance of the 
cell, V the voltmeter reading, and I the current flowing 
through the circuit, then if Ohm’s Law is applied to the whole 

circuit, I = 

and if Ohm’s Law is applied to the part of the circuit outside 
the cell, I =^r 

■ XV 

E _ V 
B+R ~ R 
or V(B-f-R)=ER 
VB=ER-VR=(E-V)R 

Begin by making the resistance R small and gradually 
increase it. Take a series of readings and tabulate the 
results as follows : — 
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R 

(ohms) 

E 

(volts) 

y 

(volts) 

B-Cv> 

(ohms) 


s 

i 

1 

j 

i 



As R increases, the value of the current flowing through the 
circuit diminishes. It is found that the resistance of a cell 
becomes greater as the current passing through it is decreased. 

In the case of a cell like the Leclanche which polarises 
rapidly, the value of E cannot be assumed to remain constant 
throughout the experiment. Its value should be observed 
and recorded for each determination made. 

Comparison of Electro -motive Eorces of Cells. — The 
electro-motive forces of cells can be compared approximately 
by connecting the different cells in turn to a voltmeter, and 
reading the values of the electro-motive forces directly on the 
instrument. The objection to this method lies in the fact 
that there is a small potential drop in the cell itself, whose 
value depends upon the current in the circuit and upon the 
resistance of the cell. This potential drop is not included in 
the voltmeter reading and consequently the method is not 
suitable when exact values 
are required. It is dear that 
the high er the resistance of 
the voltmeter in comparison 
with that of the cell, the 
greater is the accuracy of 
the result obtained. The 
e.m.f. of a Weston Cadmium 
Cell (page 168) cannot be 
obtained by this method 
owing to its high internal 
resistance. 

Sum and Difference Method. 

— This method is due to 
Wiedemann, and consists in 
comparing the strengths of 
the currents derived from 
the two cells (1) when they 
16 


e. 

I 



IKD 




Fig. 161 . 
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are connected so as to act in conjunction, and (2) when they 
are c onne cted so as to act in opposition. 

The scheme of connections is shown in Fig. 161. E x and 
E 2 are two cells whose electro-motive forces E x and E 2 
respectively are to be compared. X is a resistance box, 
abed is a quadrant key and G is a tangent galvanometer. 
When a— b and c — d are connected the cells work in con- 
junction. When a—c and b—d are connected they oppose 
each other. Let R be the resistance inserted in the box X, 
G the resistance of the galvanometer, and B the total 
resistance of the two cells. If I x and 0 X are respectively the 
current and deflection when the cells act in conjunction, and 
I 2 and d 2 the corresponding quantities when the cells are in 
opposition, then if X is the constant of the galvanometer, 

• • ■<*> 

and I 2 = = K ten ®2 • • ( 2 ) 

Dividing (1) by (2) 

E 1 +E a __ tan 8 X 
Ej— E 2 ~ tan 6 2 

Hence * 

E 1L +E 2 -|-E 1 — E 2 __ tan Oj-f-tan 6 2 
Ej+Eg — Ej^+Eg tan 0^ — tan 0 2 

E x _ tan Ojt+tan 0 2 
° r E 2 “ tan 0!— tan 0 2 

If a mirror galvanometer is used in place of a tangent 
galvanometer, and e x and 0 2 respectively are the deflections 
obtained, then 

E^ __ ^i~b6 2 

E 2 8^ — 0 2 


a _c 
b ~d 


•If a e < a 4- c 

p= 3 ,each- 


«2 S 

Pot- =~ = k. 
b d 


a + c 
b d b -J- d 


b + d' 

Then a = bk, c ~ dk. 

bk -f- dk (6 -f- d) k 
b ~j- d 

and k =• 


= k 
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The galvanometer employed in the experiment should 
have a low resistance and a high sensitivity. Care should 
also be taken to adjust the resistance R in the box at the 
beg inn i ng of the experiment, so that suitable deflections are 
obtained for both arrangements of the cells. 

The Potentiometer Method . — In the Sum and Difference 
Method described above it is assumed that the resistances of 
the cells remain constant. This need not necessarily be the 


8 



a, 

Fio. 162. 


case. Also the effects of polarisation which may be taking 
place in the cells are ignored. In the potentiometer method 
of comparing electro-motive forces the theory does not 
involve the resistances of the cells. It is also a null method. 
No current passes through the test cell and consequently no 
polarisation can occur in it. The potentiometer method is 
thus superior to the sum and difference method. 

The principle of the potentiometer is as follows : A battery 
B (Kg. 162) whose electro-motive force E is greater than that 
of any cell which is to be tested, is connected to the terminals 
of a stretched uniform wire, PQ. In the case of such a wire 
the r esistan ce is proportional to the length. Hence, since the 
current flowing through the wire is the same in all parts, 
it follows that the potential drop along it is proportional to 
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the length taken. Thus, if any point Z is taken in the wire 
Potential drop between P and Z __ Length PZ 
Potential drop between P and Q ~ Length PQ 
If one of the cells under test, B l3 is connected as shown, and 
no current passes through the galvanometer when contact is 
made at the point S on the wire, then the electro-motive force 
of the cell is equal to the potential drop between the points 
P and S on the wire. Let Ej be the electro-motive force of 
the cell B x and E that of the cell B. If PS =4! and PQ=L, 
then Ei Z, . 

-E =r • • • • (1) 


If the cell B x is replaced by the cell B 2 of electro-motive 
force E 2 and balance is obtained at T, where PT— Z 2 , then 



( 2 ) 


Prom (I) and (2) = A . 

Juifc 


3h testing a cell a bad contact on the wire might prevent 
any current flowing through the galvanometer. It is conse- 
quently advisable in making measurements to test the relia- 
bility of the result obtained by making contacts on opposite 
sides of a point which gives no deflection. The deflections 
thus obtained should be in opposite directions. 

Experiment. — To obtain the recovery curve for a Leclanche 
cell . — The potentiometer can be used to determine the rate of 
recovery of a rapidly polarising cell like that of the Leclanche. 
The cell is first “ shorted ” for about three minutes and the 
balance point on the potentiometer wire quickly determined. 
The balance point is again determined after a minute’s 
interval, and this procedure is continued for some time, the 
results being tabulated as shown. 

Time. Length of wire 

(in cms.). 


0 min. 

1 „ 

2 „ 


>9 
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Since the length of -wire is proportional to the electro- 
motive force a curve indicating the rate of recovery of thft 
cell is obtained, by plotting the lengths against time. The 
curve obtained is of the form shown in Fig. 163. The flat 
part of the curve, of course, gives the value of the mfl.yirmvm 
electro-motive force of the cell. 

Measurement of Energy. — Instruments which are used 
for the measurement of energy must not indicate merely the 
rate at which energy is supplied, i.e. the power, but must 
also take into consideration the period of time during which 
power is being supplied. 



- r/Mt 

Fig. 163. 

The three general types of these instruments are (1) Electro - 
lytic meters, (2) Motor meters and (3) Clock meters. 

Electrolytic meters are essentially D.O. instruments, but 
may be employed on A.O. if used in conjunction with a recti- 
fier. The second and third types of meters may be used for 
A.O. or D.O. measurements. Supply meters employed on 
D.O. circuits are either watt-hour meters or amp.-hour meters. 
The latter type are really only quantity meters, but since the 
voltage supply is nowadays invariably constant then the 
readings of these instruments have only to be multiplied by 
the supply voltage to obtain watt-hours. 

The action of electrolytic meters depends upon the applica- 
tion of Faraday’s Laws of Electrolysis (page 146) which can 
be expressed as u?=zQ, where w is the mass (in gms.) of 
substance deposited or decomposed by a quantity of electricity 
Q. (coulombs), and z is the electro- chemical equivalent of the 
substance. If I is constant for t sees., Q=B coulombs when. I 
is in amps., and the meter is therefore an amp.-hour meter -v 
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In practice electrolytic meters are difficult to read accurately 
owing to the small amount of chemical decomposition per- 
missible, and to the difficulty of resetting the meter. Further- 
more, there is a loss of energy in the meter itself, owing to the 
back e.m.f. of polarisation set up when the 
current is flowing. The Bastian meter (Fig. 
164) consists of two concentric nickel elec- 
trodes E 1 and E 2 immersed in a solution of 
sodium hydroxide. The passage of the 
current decomposes the water of the solution 
into oxygen and hydrogen which are 
liberated, and consequently the liquid level 
' e * falls. If the tube is uniform in cross- 
section, the change in level will be directly 
proportional to the quantity of electricity 
passing through the meter. Evaporation 
from the surface of the solution in the 
Fig. 164 . tube is minimised by using a layer of 

paraffin oil. 

The Ferranti mercury meter (Fig. 165) is one of the oldest 
and best known examples of the “ quantity ” type of motor 
meter. A light amalgamated copper disc (D) is fixed to a 




Fig. 166 . 


spindle (P), which drives the counting mechanism through a 
suitable system of gears. The disc rotates on a jewelled bear- 
ing (J) in a bath of mercury. The mercury is contained in a 
brass box which has an internal insulating lining of fibre, X* is 
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the lead carrying the current via the mercury into the disc at 
its periphery, and thence the current flows radially to the 
centre and is finally conveyed away via the jewelled bearing 
and the lead, L 2 - and SgNg are the poles of two C-shaped 

permanent magnets, and the interaction between their 
magnetic fields and the current in the disc causes the latter 
to rotate (cf. the moving-coil galvanometer, page 182). 
Actually the speed of rotation of the disc will be controlled, 
by the eddy currents (page 268) induced in it, due to the 
cutting of the magnetic field during its rotation. 

It can be shown that the uniform speed (N revolutions per 
sec. say) of the disc is directly proportional to the current (I), 
so that in a given time (t secs.) the total number of revolu- 
tions (Nx£) made will be proportional to the quantity (I X t) 
of electricity passed in that time. In practice it is found that 
the friction experienced by the disc in the mercury increases 
with the speed of rotation. In order to compensate for this 
error two steel bars 3^ and B a are placed across the magnet 
poles, and the meter current is passed through a coil 0 wound 
about the lower bar, so that an increase in current has the 
effect of increasing the driving torque without affecting the 
braking torque. 

The clock type of meter can only be briefly mentioned here. 
It consists essentially of a pendulum which is electrically 
driven by clockwork, so that the bob is acted upon by gravity 
and by a field of force due to the meter current passing through 
a solenoid. Actually two pendulums are connected so that 
tli ft difference between their periods of oscillation is pro- 
portional to the power in the circuit, and this difference is 
recorded by a suitable mechanism. 


QUESTIONS. 

1. Explain in detail, -with a diagram, the method of measuring resist- 
ance by means of a Wheatstone Bridge. For approximately what rmip 
of r esistan ce measurement is this method most suitable r (U.L.UA., 

2^ ^Describe, giving a connection diagram, the principle of action of the 

simple potentiometer. ^ u t? »_ 

-RSrpToin how a potentiometer may he used to compare the s m 

two cells. Give a connection diagram. (U.E.I., 82, 1935.) , 

3. Describe the construction and principle of action of some form of 

ohmme ter. Give a connection diagram, (XJ.E.I., ba, 19M.) . 

4. •EbrT>Ta.fri ] with a sketch, the construction and action of any modern 

ampere-hour meter. (N.C.T.E.C., 1933.) 



TECHNICAL ELECTRICITY 



5. Discuss the limitations of the ammeter-voltmeter method for measur- 
ing resistance. Why is the method particularly unsuitable for the measure- 
ment of high resist ance ? 

6. Deduce the relationship between the resistances in the arms of a 
balanced Wheatstone Bridge, i.e. when no current flows through the 
galvanometer. How would you use the Bridge to measure the resistance 
of a coil of wire ? 

7. Define Specific Resistance. 

The specific resistance of copper is 0*0000018 ohm.' per cm. cube. Find 
the resistance of a copper wire whose length is 100 cm. and the area of 
whose cross section is 0*20 sq. cm. 

8. State how the resistance of a wire depends upon its length and area of 
cross-section. A piece of wire 80 cm. long and 1 mm. in diameter has a 
resistance of 3*5 ohms. What will be the resistance of a wire of the same 
material 1*25 metres long and 0*5 mm. in diameter ? 

9. Define the “ electro-motive force ” of a cell. 

A cell is connected to a voltmeter and its e.m.f. is found to be 1*5 volts. 
If a coil of 4 ohms resistance is connected in parallel with the voltmeter 
the reading of the instrument falls to one volt. Calculate the resistance of 
the cell 

10. The e.m.f, of a battery (i.e. the difference of potential between the 
poles on open circuit) is 30 volts. When a long length of thin wire is joined 
across the battery, a current of 2*5 amps, is produced, and the potential 
difference between the poles of the battery falls to 20 volts. 

Find the internal resistance of the battery and the resistance of the 
wire. What will be the current if the length of the wire is halved ? (C. & 
G., 1928.) 

11. What length of German silver wire of diameter 0*5 mm. must be 
connected in parallel with a wire of 2 ohms resistance in order that the 
joint resistance may be 1 ohm ? (Specific resistance of German silver is 
27 x 10-6 ohm. per cm. cube.) 

12. What is meant by the statement that the temperature coefficient of 
resistance of a metal is 0*004 per deg. G ? How would you find the value of 
this coefficient for platinum if you were given 20 cms. of thin platinum 
wire? 
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INDUCED CURRENTS 

Electro -magnetic Induction. — The phenomenon dealt 
with in this chapter is of extreme importance as the con- 
version of mechanical into electrical energy depends upon it, 
and it is furthermore the basic principle of many electrical 
devices of the present day, e.g. the telephone. 

After Oersted’s discovery that an electric current in a wire 
(page 68) gives rise to a surrounding magnetic field, it was a 
natural consequence that experimenters began to seek for 
the converse effect, i.e. the induction or creation of a current 
in a conductor by setting up an independent magnetic field 
in its neighbourhood. 

About 1831 two scientists, Faraday in England and Joseph 
Henry in America, although working independently, dis- 
covered the effect almost simultaneously and one of Faraday’s 
simple experiments may now be repeated. 

Experiment . — Connect the terminals of a coil or solenoid 
S, consisting of about 200 turns of insulated wire, to a sensitive 
galvanometer (Figs. 166 (a) and (6)). The connecting leads 
from S should be made sufficiently long to avoid any direct 
inductive influence upon G. 

Plunge the north pole of a bar-magnet into one end of the 
solenoid and observe the direction of the galvanometer deflec- 
tion (Fig. 166 (a)). Withdraw the north pole and note that a 
deflection is again produced, but in the opposite direction 
(Fig. 166 (6)). 

Repeat the experiment with the south pole of the magnet 
and observe that the deflections obtained are in the directions 
opposite to those observed when the north pole was used, e.g. 
the direction of the deflection in Fig. 166 (a) will be that 
resulting from the withdrawal of the south pole. 

It should be carefully observed that a deflection is only 
produced when the magnet is in motion and ceases when the 

233 
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latter is stationary. To show that it is really only the relative 
motion that matters, keep the magnet stationary and move 
the coil, when the same effects as above will be noticed. 

Summarising, the results of the above experiment show 
that (1) When a magnet and a closed circuit move relatively 
to one another a current is induced in the circuit, and (2) The 
direction of the induced current is dependent upon the direc- 
tion of the movement and also upon the polarity of the end 
of the magnet nearest the coil. 



(ct) Fig. 166. (6) 


Now in the above experiment the circuit containing the 
coil has been closed, but it can be shown that if the galvano- 
meter is replaced by a very sensitive form of electroscope, 
called a quadrant electrometer, then the latter will show 
deflections of a similar nature to those of the galvanometer, 
when the magnet and coil are moved relatively to one another. 
In this case, however, the coil circuit is open and hence' it 
may be said that the relative movement of the magnet a/nd 
the coil induces an E.M.F. in the coil , which will cause a 
displacement of electrons so that there will be a heaping up 
at one flee end of the coil and a deficiency at the other end. 
It is evident that when the ends of the coil are joined to 
form a closed circuit a momentary or transient current will 
be produced in the circuit, " 
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The next question to he considered is the exact relationship 
between the direction of the induced e.m.f. (or curr en t), a nd 
the polarity of the “inducing” pole of the magnet. This 
problem may be best investagated from the point of view of 
energy, and for this purpose it must be remembered that a 
current-carrying solenoid behaves like a bar-magnet as regards 
its magnetic effects (page 71). 



Fig. 167. 


Now the production of an induced current (or e.m.f.) in 
the closed circuit must be the result of an expenditure of 
energy, and this can only occur if work is done in bringing, 
say, the north pole of the magnet towards the coil. This 
condition implies that the north pole must experience a re- 
pulsive force, which means that the direction of the current 
induced in the coil must be such as to create a north polarity 
at the end nearest to the north “ inducing ” pole. (Fig. 157.) 

Similar reasoning applies to the withdrawal of the north 
pole from the coil. In this case work must be performed 
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against an attractive force, i.e. the direction of the induced 
current must be such as to create south polarity at the end 
nearest the “ inducing ” pole. 

Tn both the above cases it is therefore evident that the 
current induced in the circuit flows in such a direction as to 
create a magnetic field, which exerts a force opposing the 
motion of the inducing pole. 

The above deductions should now be verified by the follow- 
ing experiment : 

Experiment . — Connect up the solenoid S, a galvanometer G, 
a battery B and a rheostat R to the two-way key K, as indicated 



Fig. 168 . 

in Kg. 168. By means of the two-way key, n may be connected 
to either l or m. 

Connect n and m and adjust B> to obtain a suitable deflec- 
tion in a noted direction. 

With the current flowing obtain the polarity of the end 
face A of the solenoid by placing a small compass needle near 
it. Let it exhibit north polarity, say. 

Now change the key connection from m to l , so that n and l 
are joined, and approach the A face of the solenoid with the 
north pole of a magnet. According to the above deductions 
this movement should induce a current in the solenoid such 
that the end A exhibits north polarity, i.e. the galvanometer 
deflection should be in the same direction as when the cell was 
joined in circuit with the galvanometer. Verify that this is 
correct and in a similar manner investigate the case when 
the magnet is withdrawn from the coil, 



INDUCED CURRENTS 


237 

Lenz’s Law. — The observations made during the above 
experiments should now be examined as to whether they 
obey the following general law formulated by a Russian 
scientist, Lenz (1804-1865 ) “ Whenever the number of lines 
of magnetic force in a circuit are changing there is an induced 
e.m.f. in the circuit, and the direction of this e.m.f. is such as 
to tend to oppose the motion or change producing it 

In the experiments performed the circuits were closed, 
hence the direction of the induced e.m.f. is inferred from the 
observed direction of the induced current. 

Magnitude of the induced e.m.f. 

Experiment . — Connect the solenoid S in series with the 
galvanometer G, as in Tig. 167, and observe how the value of 
the galvanometer deflection, i.e. how the magnitude of the 
induced e.m.f. (and current), depends upon the following 
factors : 

(1) The rate at which the magnet is moved relative to the 
coil. 

(2) The pole strength of the magnet (i.e. use two similar 
magnet's singly and together). 

(3) The number of turns in the coil. 

Rrom the observations of the above experiment verify the 
truth of the following law of electro-magnetic induction: 
“ Whenever the number of lines of magnetic force, i.e. mag- 
netic flux (page 120), within a circuit is changing there is an 
induced e.m.f. set up in that circuit. The magnitude of the 
induced e.m.f. is directly proportional to the rate of change of 
magnetic flux. 5 ’ 

It should be noted that in the above experiment the circuit 
is dosed and it is the value of the induced current which is 
directly observed, but it is obvious that by Ohm’s Law this 
is strictly proportional to the magnitude of the induced 
e.m.f., if the resistance of the circuit is kept constant. 

Consider the case of a coil consisting of a single turn of wire, 
and suppose that 9 2 and <? 2 represent respectively the number 
of magnetic lines of force (i.e. flux) passing through the coil 
at the beginning and at the end of a period of t sees. 

Then the magnitude of the induced e.m.f. (in c.g.s.) is given 

by E=Rate of change of flux 

__ Change of flux _ (9g— <Pi) fl 

Time in seconds t ’®‘ 
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Now the practical unit of e.m.f. is the volt and 

1 volt=10 8 c.g.s. 

Hence E = volts 

If there are N turns of wire in the coil 

then E = N x Tolts 

The product of the number of turns of wire and the flux is 
known as the number of linkages. Hence N X (<p 2 — <p x ) 
represents the change in linkages. 

Measurement op Magnetic Flux. — If the magnetic flux 
through a coil changes by an amount 9 1 in a very small 
interval of time t 1 secs., then the induced e.m.f. is ^jt 1 x 10~ 8 
. volts, and the instantaneous value of the current flowing in 
the coil if included in a closed circuit of total resistance R, is 

givenby i 1 — X 10 _8 amps. (by Ohm’s Law). The total 

quantity of electricity flowing through the circuit in this very 

small interval of time t 1 will be equal to q x =m x = x 10“ 8 

coulombs. It therefore follows that if <D is the total change 
of flux then the total quantity of electricity passing in the 
circuit is Q^i+^a + ' ' * = <&/Rx 10" 8 coulombs, which is 
independent of the time taken to perform the change. Hence 
to measure the magnetic flux passing through a circuit it is 
necessary to find the quantity of electricity produced by, 
say, reducing that flux to zero, and the type of instrument 
commonly used for this purpose is the ballistic galvanometer. 
The chief characteristics of this galvanometer are small 
damping and a moving system possessing a large moment of 
inertia, so that the discharge of electricity passes through the 
instrument before the system shows any appreciable move- 
ment. It can be shown that the total quantity (Q) of electri- 
city passing is proportional to the first throw (d x ) produced on 
the galvanometer scale by the discharge. 

Consider a single turn of wire (abed) set with its plane 
perpendicular to a uniform field of strength H c.g.s. Then 
the flux passing through the coil in tins position is 92= 
AxH, where A is the area enclosed by the coil. Suppose 
the coil is now rotated through 180 °, then the flux passing 
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through the coil is now 9 ? = — A.H since, although the field 
has not changed its direction, the coil has been reversed which 
produces an identical result. Hence the change in flux is 
9i — 92 =AH — ( — AH) =2 AH, and will be proportional to 
the galvanometer throw produced by the quantity of 
electricity passing in the circuit. It follows that by using 
the same search coil and galvanometer in different magn etic 
fields, their strengths will be 
directly proportional to the 
respective throws, i.e. H oc d. 

Experiment . — Use an earth 
inductor (i.e. a coil containing 
a large number of turns of 
insulated ■wire wound on a 
non-magnetic frame of large 
area) in conjunction with a 
ballistic galvanometer, to 
compare the values of the 
horizontal and vertical com- 
ponents of the earth’s mag- 
netic field. Hence deduce a 
value for the angle of dip. 

The FLuxmeter is a form of 
ballistic galvanometer having 
a large moment of inertia, 
and the construction of the 
instrument is shown in Fig. 

169 (a). S and N are the 
poles of a powerful permanent 
horseshoe magnet, 0 the 
suspended flux-meter coil, I a 
soft iron core, F a silk fibre suspension attached at its 
upper end to a shockproof flat spiral spring, and AA two 
flat spiral silver strips to lead the current respectively 
in and out of the coil and which together exart practically no 
torsional control. For the purpose of measuring the strength 
of magnetic fields a search coil is connected in series with the 
instrument. In the case of very strong fields the coil will 
require only to have a small sectional area and few turns. 

Experiment. — To find the pole strength of a given bar-magnet. 

Obtain a cardboard former 0 (Fig. 169 (6)) whieh closely 
fits around the bar-magnet NS, and wind over it say 30 turns 
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of No. 32 S.W.G. insulated copper wire to occupy a length of 
1 or 2 cms. Place the coil over the centre of the magnet, 
connect it to the fluxmeter terminals and note the stationary 
reading 0 X of the pointer. Holding the coil firmly in position 
completely remove the bar-magnet, and observe the maximum 
indication 0 2 of the fluxmeter. If this reading is “off” the 
scale, reduce the number of turns in the search coil, or alterna- 
tively if 0= (8 a — ©i) is too small, then its value should be 
increased by augmenting the number of turns. 

Let m be the pole strength of the magnet, a the cross- 
sectional area of the magnet, n the number of turns in the 
search coil and k the fluxmeter constant (i.e. the number of 
maxwell-turns per scale division deflection). 

Now lines of force emanate from a unit pole, therefore 
the flux passing through the search coil initially =47rm, and 
hence the original number of flux linkages =4nmn maxwell- 
turns. It follows that 4:7tmn—kQ or 
kQ 

m= 3 . unit poles 

47m 

Example . — A coil is wound with 1,000 turns of wire and has 
an area of 600 sq. cms. It is held with its plane vertical and 
at right angles to the magnetic meridian at a place where the 
horizontal component of the earth’s field is 0* 18 gauss. If the 
coil is turned through 90° about an axis in the plane of the 

coil in gjj sec., find the electro-motive force generated in it in 

volts. 

The horizontal component of the earth’s field is 0T8 gauss, 
so that the total number of lines cutting the coil is 

=Field Strength x Area of Coil (sq. cms.) 

=0-18x600 

=90 

Bate of change of the number of lines threading the coil 

2700 

“l/30~ 2700 * 

E=Bate of change of the number of Number of turns of 
lines threading the coil wire in the coil 

=(2700 X 1000) e.g.s. unite 

=27 X 10 5 c.g.s. unite 
27x10 s 

= — jgj- TQlte 

=*027 volt. 
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Mutual Induction. — Since the magnetic properties of a 
current-carrying solenoid resemble those of a bar-magnet 
(page 71), it is evident that the phenomenon of electro- 
magnetic induction observed in the previous experiments 
could also have been produced, if the bar-magnet had been 
replaced by such a solenoid. Por the purpose of verifying 
this conclusion it is suggested that the following experiment 
be performed. 



Pi a. 170 . 


Experiment . — Take two solenoids, P and S, such that the 
former fits inside the latter (Pig. 170). Connect the coil P 
in series with a key, a cell B, a resistance box B, and an 
amme ter A. A sensitive galvanometer G is joined in circuit 
with the coil S. The connections to both coils should be by 
means of fairly long leads. 

The coil P carrying the inducing current is known as the 
primary coil, while the coil S in which the e.m.f. (and current) 
is induced is called the secondary coil. 

Employing the current-carrying primary coil as the bar- 
magnet repeat the procedure of the experiments on pages 233 

17 
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n-nfl 235, and hence verify the laws of electro-magnetic induc- 
tion both as regards magnitude and direction. In regard to 
the latter, the polarity of the lower end of the coil P will 
have to be found by means of a compass needle. Further- 
more the strength of the “ inducing-action ” of the primary 
coil will be directly proportional to the current flowing in 
the coil and may be altered by varying the resistance R, the 
corresponding value of the current being read on the am- 
meter A. 

There remains a third and very important method of pro- 
ducing an e.m.f. by induction. The mode of its production 
depends upon the fact that the magnetic flux through the 
secondary coil of the arrangement in the previous experiment 
is varied, not by moving the primary coil, but by suddenly 
changing the value of the current passing through it. This 
change may be effectively brought about by merely closing 
or opening the key K (Fig. 170) in the primary circuit, so that 
the corresponding rise and decay of the current is very rapid. 

Experiment. — Place the coil P inside the coil S as in Fig. 170. 
Close the primary circuit and note the direction of the 
momentary deflection of the galvanometer. Open the key K 
and observe that the galvanometer is deflected in the opposite 
direction. 

Any change in the magnitude of the primary current will 
be found to cause a deflection of the galvanometer. This 
fact is made evident by closing the key K and suddenly 
increasing or diminishing the resistance R, when deflections 
in opposite directions will be obtained. 

Determine, as in previous experiments, the directions in 
which the inducing and induced currents flow in the primary 
and secondary circuits respectively, and verify the following : 

(1) On making or increasing the current in the primary 
circuit, the induced current is in the opposite direction to the 
inducing current, and 

(2) On breaking or decreasing the primary current, the 
induced and inducing currents are in the same direction. 

Figs. 171 (a) and (6) show the directions of the currents in 
the coils and also the corresponding magnetic fields, that due 
to the induced current being indicated in dotted lines. 

It should be noted that these results are in agreement with 
Xienz’s Daw, which will also be obeyed if the experiment is 
repeated with the direction of the primary current reversed. 
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These results may be briefly and conveniently expressed as : 

A Direct induced e.m.f. (or current) is produced by a 
Decrease of flux, and 

An Inverse induced e.m.f. (or current) is produced by an 
Increase of flux. 

Experiment . — Using the apparatus as set up in Kg. 170, 
investigate how the magnitude of the induced e.m.f. is affected 

(1) The relative positions of the coils P and S. i.e. show that 
the galvanometer deflection on making the same current in 



i \ 

(a) Fig. 171. ( b ) 


the primary coil, is increased if this coil is inserted further 
into the secondary coil, and 

(2) The presence of a soft iron rod inside the coils, ije. 
show that in this case also the induced e.m.f. is greatly 
increased, owing to the high permeability (page 96) of the 
iron causing a considerable increase in the magnetic flux 
through the primary coil. 

It is obvious that the same effects as those observed above 
are obtained if S is used as the primary and P as the secondary 
coil, although their magnitude would differ if the resistances 
of P and S are different. Consequently since this inductive 
effect between two circuits is mutual it is referred to as 
Mutual Induction. 

Self-Induction. — Just as a change of current in a dosed 
circuit A (Kg. 172) reacts on neighbouring circuits, so does it 
• react in a similar manner upon itself. For when a current in 
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such a coil is started (or increased) the magnetic field created 
sets up an e.m.f. in the coil (by Lenz’s Law), which is in a 
direction opposite to that of the applied e.m.f. The effect of 
this back e.m.f. of self-induction, as it is termed, is to prevent 
an instan tane ous rise of current in the circuit to its final 
value as deter mine d by Ohm’s Law. 

The arrow ^ (Kg. 172 (a)) indicates the direction of the 
back e.m.f. when the current I is growing, and its magnitude 
must obviously be always less than the applied e.m.f. E for 
the current to increase in the circuit at all. 

When the circuit is opened, or the current I is decreased, 
the induced e.m.f. E 2 (Kg. 172 (6)) tends to maintain the 



previous value of the current, i.e. it acts in the same direction 
as the applied e.m.f. E. In this case, if the circuit is broken , 
the magnitude of this “ after ” e.m.f. as it is termed, will 
depend upon the rapidity of the operation, and for a highly 
“ inductive ” circuit will lead to sparking at the contacts of 
the switch. Special precautions have therefore to be adopted 
to prevent the rapid burning away of these contacts, as illus- 
trated in the case of the induction coil (page 247). 

The effect of self-induction in a circuit may be conveniently 
demonstrated by the following experiment. 

Experiment . — In Eig. 173 0 consists of a coil containing 
three or four hundred turns of insulated wire wound upon an 
iron core, composed of a bundle of soft iron wires. L is a 6 
volt electric lamp, B is a 2 volt accumulator and K. is a switch. 

When the switch is closed and a steady current is flowing 
the lamp filament may just glow, but on suddenly breaking 
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the circuit (by opening K) it will momentarily flash up 
brilliantly as a result of the high after e.m.f. of self-induction. 

Now the property of a body which tends to keep it at rest 
or in motion, as the case may be, is known as its inertia. It 
obviously depends directly upon the mass of the body since it 
is easier to set say a marble in motion, than it would be a 
cannon-ball. A particular device in which this property is 
utilised is the fly-wheel, which is the means of storing up the 
work done by an engine, so that if the output of the latter 
fluctuates slightly, the machinery which is driven directly 
from the massive fly-wheel is practically unaffected. It is 
evident that a considerable amount of 
energy has to be expended in setting the 
fly-wheel in motion, but when the driving 
engine is stopped, the fly-wheel will main- 
tain its motion for a long time on account 
of its inertia. If means are adopted for 
bringing the fly-wheel to rest quickly its 
stored-up energy will appear in another 
form, e.g. that of heat. 

Now on comparison, the self-induction 
of an electrical circuit is seen to be- 
have very similarly to the inertia of a 
mechanical system, for in creating a 
current in a circuit energy has to be 
expended in overcoming the back e.m.f. of self-induction. 
On removing the applied e.m.f. (cf. engine) from the 
circuit, this energy reappears as the “ after ” e.m.f. which 
tends to maintain the established current. Again if the 
circuit is actually broken, this energy is made apparent in 
the form of a spark at the contacts of the switch. The energy 
given to the electrical circuit is used in creating its magnetic 
field, whose lines of force are concentric circles surrounding 
the conductor (page 68) and these extend further outwards 
as the current increases. When the circuit is broken these 
lines of force collapse again into the conductor, and in so doing 
return their energy to the circuit which is made evident by 
the “ after ” e.m.f. 

Mutual and Self-Induction. Units. — It has already been 
seen that if one coil A is in the neighbourhood of another 
coil B and the current in A is altered, the change in the 
magnetic field around A creates an e.m.f. in B. Further, by 
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Lenz’s Law the direction of the induced e.m.f. is such that it 
tends to prevent the change producing it. 

If there is a unit rate of change of the current in A the 
induced e.m.f. in B is called the coefficient of mutual induction 
or mutual inductance of the two coils. It is usually denoted 
by M. 

E.M.F. induced in the 

Thus Coefficient of Mutual Indue- = Secondary Coil 

tion (M) ■ Rate of change of the 

current in the Primary 
Coil. 

The practical unit of mutual inductance is the henry, 
hence it follows that 


1 henry = — voit 

I ampere per second 

IQ 8 c.g.s. units of e .m.f. 

10 1 c.g.s. units of current per second 

=10 9 c.g.s. units of inductance 

°f m } itua l induction of two coils, measured in 
Serenes, is the e.m.f. %n volts which is induced in one coil when 

m mrie * at tU ^of one “mere ^ 

oooffcierd °f self-induction or the self-inductomce 
?' m -f; *“ ® ofc ' induced in the coil when the current 
through it varies at the rate of one ampere per second. It is 
m^rared m henries and is usually denoted by l ' " m 

fa fa 6 ° a i“S ati 2 n * ' tbe “duotance of a given circuit 

® * *ffiealt matter, but tables are available to 

enaWe approximate values to be rapidly oa.fanfa.fad for ex 

smgfe, m the case of oylindrical coils. The ooils used in 
TOdess mrouits have very small inductances so that they are 
usually expressed m mtcro-henries (1 micro-henry=l(H Wirt 
Asan example toe inductance of a cylindrical cod withK) 
tom pot cm., a fengtbof 8 cms. and a diameter of 5 rans is 

^ ? e “ duotance of • coil of identical 

««> but having 5 turns/cm. would be approximately 

K? x 154 ' 2 = 38-6 micro-henries, since for closely wound cods 
St^^ 06 “ pr °P 0rti0Iial to «» of the number 
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If the various conductors forming a circuit are so disposed 
that their separate magnetic fields tend to oppose one another 
so that the resultant magnetic field for the whole circuit is 
zero, the circuit is said to be non-inductive (see also page 214). 

In making measurements with a Wheatstone Bridge arrange- 
ment (Chapter XII) it will now be evident that if the galvano- 
meter key is closed before the battery key a momentary 





Fig. 174. 


deflection of the galvanometer may be obtained, which is 
due solely to the differences of the inductances tn the various 
arms. This difficulty may be overcome by dosing the battery 
key first. Alternatively, as is generally the practice to-day, 
the resistance coils are wound non-inductively, i.e. they are 
wound back on themselves (Fig. 155, page 214), so that the 
magnetic fields due to the two “ halves ” of any one coil 
neutralise one another. 

The Rtjhmkokff Induction Coil. — The induction coil 
(Fig. 174) is a device for obtaining very high voltages at the 
f artninala of a secondary coil when comparatively low voltages 
are applied to the primary coil. In its present form it was 
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devised by Ruhmkorff , a manufacturer of physical apparatus, 
in Paris, and was first exhibited in 1851. The primary coil 
(Fig. 174) consists of a few turns of fairly thick insulated wire 
wound round an iron core. The secondary coil S, which is 
carefully insulated from the primary, may consist of many 
thousands of turns of fine wire which is encased in paraffin 
wax to ensure perfect insulation. 

When a current from the battery B passes through the 
primary coil the iron core becomes magnetised and attracts 
the piece of soft iron H, which is carried on the spring G. 
When H approaches the iron core the contact at the platinum 
point D is opened and the primary circuit is broken. The 
iron loses its magnetism in consequence, and the spring G 
carries H back to D so that the primary circuit is again 
closed. The process is then repeated and is recurrent. The 
frequency of the intermittent currents which pass through 
the primary in this manner clearly depends upon the stiffness 
of the spring. 

At each make of the current in the primary circuit an e.m.f. 
is induced in the secondary coil in one direction, and at each 
break an e.m.f. is induced in it in the opposite direction. 
Now the magnitude of the induced e.m.f. depends on the rate 
at which the flux is changing, and owing to the large self- 
induction of the primary coil the growth of current is only slow. 
Hence the induced e.m.f. at the make is very smfl.l l by com- 
parison with that at the break, and in practice, therefore, the 
potential difference between the terminals of the secondary 
coil is almost uni-directional. 

As previously indicated (page 244) the effect of self-induc- 
tion at the break of the current in the primary causes a spark 
discharge at the contact point, which in time would be 
destroyed. By joining a condenser C in parallel with the gap 
at D this destructive action is diminished, and, furthermore, 
the insertion of this condenser helps to make the secondary 
discharge more uni-directional. The explanation of the 
manner in which the condenser functions is diffi cult and 
complicated. 

It follows from the principle of the conservation of energy 
that the higher the induced e.m.f. in the secondary the «™a.7W 
will be the corresponding currents. In order to improve the 
efficiency of the coil the iron core is composed of a number of 
parallel iron wires bound closely together, but suitably 
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insulated from one another. This procedure is adopted for 
if a solid cylinder of soft iron was employed as a core, quite 
large currents would be induced in it by the variation of the 
primary current, and these “eddy-currents” as they are 
termed (page 268) will cause a heating of the core and conse- 
quent loss of energy. 

The terminals of the secondary coil are usually connected 
to two metal rods, provided with ebonite handles, so that the 
distance of the “ spark-gap ” (S.G. in Fig. 174) between the 
ends of the rods is adjustable. The performance of an 
induction coil is expressed by the length of the Tnarimn^ 
air-gap across which it can maintain a spark discharge. For 

I 





Fig. 175 {a). 


example, a “ one-inch coil ” would mean that a maximum 
P.D. of approximately 30,000 volts (see page 61) can be 
developed between the secondary terminals. 

Induction coils have a variety of uses. They are employed 
in producing X-rays and in the generation of wireless-waves, 
also in c onne ction with research weak on the structure of 
the atom. In these applications large coils are needed to 
provide up to 300,000 volts or more, and in consequence the 
frequency of the make and break requires to be approxi- 
mately 70 to 100 per sec. The hammer make and break is 
unsuitable for these frequencies and amongst others the 
mercury jet interrupter is employed. 

The mercury jet interrupter (Fig. 176 (a)) consists of a 
hollow vertical shaft M dipping at its lower end into an iron 
vessel S containing mercury, which is connected via a battery 
to one ter minal of the primary coil. The shaft is coupled to a 
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motor and on rotation a stream of mercury issues from the 
nozzle N, and impinges on a metal ring R. which is connected 
to the other ter mina l of the primary coil. This metal ring 
has a serrated lower edge as indicated in the smaller diagram 
Kg. 175 ( 6 ), so that the primary circuit will be broken each 
time the jet passes between these serrations. P x and P 2 are 
terminals. 

Transformers. — The advantage of using high voltages 
for economy of transmission of electrical energy has been 
already indicated. The use of such voltages, however, 
will demand apparatus to “ step-up ” and “ step-down ” 
the voltage at the transmission and consuming ends 



respectively, of the transmission line. If A.O. (page 263) is 
employed both in the generation and transmission this 
“ voltage change ” may be effected easily by means of static 
transformers. 

The transformer is really an induction coil in which an 
alternating current replaces the interrupted current through 
the primacy. The simple ring type of transformer, which 
was first devised by Paraday, is shown in Pig. 176, and con- 
sists of a primary (P) and a secondary (S) coil wound round 
an iron core. If an alternating current is passed through P, 
an alternating flux is set up in the iron core, which gives rise 
to an alternating e.m.f. in S (and hence an alternating current 
if the circuit is closed). 

Now assuming that there is no magnetic leakage in the 
circuit, the same flux 9 is linked with both primary and 
secondary coils, and hence the rate of change of flux is the 
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same for both coils, i.e. the e.m.f. induced per turn of S is 
equal to the applied e.m.f. per turn of P. 

Hence if Vp and Vs are the maximum applied and the 
maximum induced e.m.f.s respectively, it follows from the 
above that 

Y? = Y§ o r Y? = n X 

ftp fts Vg ftg 

Stated in words it means that 


e.m.f. in secondary coil number of turns in secondary coil 

e.m.f. in primary coil number of turns in primary coil 

and this approximate rule is also applicable to the case of 
the Ruhmkorff coil. 

It is evident that there can be two types of transformers 
according as is less or greater than %g and they are respec- 
tively known as “ step-up ” and “ step-down ” transformers. 

(1) Step-up transformers. — ^Alternating current at a low 
voltage is passed through the primary coil and is transformed 
up so as to be transmitted at high pressure. 

(2) Step-down transformers. — Alternating currents at high 
pressure are transformed down to currents at a low pressure 
for use in lamps, etc. 


Low pressure (or step-down) transformers are am essential 
part of electric welding machines (page 200) where currents 
of the order of 1,000 amps, are necessary, the transformation 
voltage ratio being of the order of 200 to 1. Again in the 
case of induction furnaces the induced currents may attain a 
value of 5,000 or 6,000 amps. In these furnaces the second- 
ary circuit consists of a ring-shaped metal tube cont aining 
the metal to be melted, which is not therefore brought into 
contact with contaminating flames. 

If the energy lost in a transformer circuit be ignored it can 
be said that 


Output from secondary circuit— Input from primary circuit, 

i.e. V s Xlg=V F Xlp 

where Ig and Ip are the currents in the secondary and primary 


circuits respectively. 

Further, it has been shown that 


Vp _ ft F 
V s fts 


Hence 


Is _ ftp 
Jp ns 
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The TTmin energy losses in transformers are as follows : 

(1) Heating losses due to the resistance of the windings and 
frequently referred to as I 2 R losses (or copper losses). 

(2) Hysteresis losses in the iron core. These losses are 
kept at a minimum by a careful selection of the iron employed. 

(3) Eddy-current losses (cf. page 268). These losses are 
reduced by for ming the core of thin sheets of iron, which are 
carefully insulated by shellac, etc., from one another. 

The hysteresis and eddy-current losses are usually grouped 
together as iron losses, and for a given transformer they are 
practically constant at all loads. 

The energy losses in a well-designed transformer for high 
voltages are less than 2%, i.e. the efficiency of the apparatus is 
between 98% and 99%. In general for all types of trans- 
former the efficiency is well over 90%, so that they are more 
efficient than resistances for reducing the voltage to be 
applied to a given circuit. 

It should be noted that if the secondary circuit is open 
and a transformer is connected across the A.C. supply, the 
primary winding owing to its small resistance would appear 
to short-circuit the mains. Actually, however, only a small 
current passes in the primary because the e.m.f. of self- 
induction is almost equal and opposite to that of the applied 
em.f. (cf. choking coil, page 267). When the secondary 
circuit is closed a current flows in it which sets up a flux 
opposing the main flux. In consequence the back e.m.f. 
self-induced in the primary decreases, and more current flows 
in that circuit. It is evident therefore that the current 
flowing in the primary circuit is dependent upon the demand 
made on the secondary circuit. 

A Conductor Moving in a Magnetic Field. 

Experiment . — Connect the ends of a conductor, e.g. a rod 
of brass to the terminals of a sensitive galvanometer. Next, 
pass the rod rapidly downwards between the poles of a home- 
shoe magnet, or preferably between the poles of an electro- 
magnet. The galvanometer will be deflected. 

This result is to be expected as in the early part of the 
chapter it was seen that an e.m.f. was induced in a conductor 
(actually a coil was used) when it was moved relative to a 
magnetic field. 

Next move the rod rapidly upwards. The galvanometer 
will again be deflected, but in the opposite direction. 
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The experiment shows that when a conductor cuts the lines 
of force in a magnetic field the mechanical work that is done 
in conveying the rod through the field is converted into 
electrical energy, which manifests itself as an induced e.m.f. 

Faraday showed the same effect by rotating a copper disc 
between the poles of a horseshoe magnet (Kg. 177). The 
brush X. which is in contact with the rim of the wheel is 
connected to the terminal A, and the axle of the wheel is 
connected to the terminal B. If these terminals are c onne cted 



to a galvanometer and the wheel is rotated, a deflection is 
obtained whose direction is determined by the direction of 
the rotation. When the wheel is rotated in one direction 
the current flows from axle to rim. When the rotation is 
reversed the current flows in the opposite direction. In this 
case mechanical work is done in causing the disc to cat the 
lines of force of the magnet, and this work is converted into 
electrical energy. 

This conversion of mechanical work into electrical energy 
illustrates the principle of the dynamo (from the Greek word 
meaning power). In the motor , the converse process takes 
place, viz. electrical energy is converted into mechanical 
work. 

The Magneto. — The internal combustion engine depends 
for its action on the ignition of a mixture of petrol vapour 
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and air in the cylinder of the engine, a result which is most 
conveniently achieved by means of an electric spark. A high 
voltage (over 7,000 volts) is required for a spark to pass across 

the small air-gap (approximately ^ cm.) between the platinum 



3?ia. 178 (c). 


points of the sparking plug, and the first device used for this 
purpose was the induction coil. The drawbacks to this 
arrangement were the necessity for “ housing ” a battery of 
accumulators for supplying the primary current, and the 
possibility of a sudden failure of the battery, unless particular 
care is devoted to the condition of the cells. Modem batteries 
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are now so reliable that induction coils are used in nearly all 
cars. 

The necessity for accumulators is avoided by the use of a 
magneto, which is virtually a combination of an induction coil 
and a dynamo. Primary (P) and secondary (S) coils are 
wound upon a soft iron armature (A) (Pig. 178 (c)), which 
is rotated between the poles of a permanent magnet, by 
means of the engine. The platinum contacts 0 are operated 
by means of a cam fixed to the armature axle, and K is a 
condenser which is used here in an identical way to its em- 
ployment in the induction coil. The metal casing of the 
magneto and engine constitutes the return circuit for the 
secondary and primary currents (Pig. 178 (e)). 

Briefly the action of the magneto is as follows : With the 
contacts C closed, the rotation of the armature in the magnetic 
field of the permanent magnet will induce a current in the 
primary circuit, which will attain a maximum in a position 
approximately midway between (a) and (6) (Pig. 178). At this 
point the contacts C, actuated by the cam, are suddenly 
opened. Consequently a large e.m.f. is induced in the' second- 
ary circuit, causing a spark to pass between the platinum 
joints of the plug. It should be noted by reference to Pigs. 
(a) and (b) that there is an almost instantaneous reversal of 
flux when the contacts C are broken. In addition to the 
moving-coil type of magneto described above, there is a second 
type in which the coils are wound on a fixed iron core and a 
permanent magnet forms the rotor. 

The Telephone. — The invention of this now familiar 
instrument is generally attributed to Graham Bell, in 1875, 
but he actually patented the device only a few hours ahead of a 
fellow American named Elisha Gray. A number of earlier 
experimenters (Bousseul, Reis, etc.) had constructed instru- 
ments by which sound of constant pitch could be transmitted, 
but Bell’s apparatus was the first capable of transmitting 
continuous speech. 

It should be remembered that during the production of 
sound waves, the air is being alternately compressed and 
rarefied. In other words the density of the air at any point 
in the path of the waves becomes alternately greater and 
smaller than the value corresponding to the quiescent state 
of the air. When these waves fall upon the drum of the ear 
the latter is set into vibration, and the sensation is finally 
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conveyed to the brain and interpreted as ** sound.” With 
these facts in mind, then the principle of telephonic trans- 
mission can be well expressed in Bell’s own words : “ If I 
would make a current of electricity vary in intensity , precisely 
as the air varies in density during the production of sound, I 
should be able to transmit speech telegraphically. ’ ’ 

The construction of a typical 
modem magneto telephone is 
indicated in Fig. 179, but actu- 
ally the design of the telephone 
receiver has not changed funda- 
mentally from Bell’s later in- 
struments. The telephone con- 
sists essentially of a permanent 
cobalt steel magnet M fitted 
with two L-shaped soft iron 
pole pieces P, which are used 
to concentrate the magnetic 
flux. Two coils CO are wound 
on the pole pieces, and their 
leads pass through a hole in 4 
the upper end of the outside 
casing O. In telephony work 
these coils have a resistance of 
about 120 ohms, but for wire- 
less purposes their resistance is 
usually 2,000-4,000 ohms. A 
circular disc of “ stalloy ” D is 
situated immediately in front 
of the pole-pieces and just 
behind the ear-piece (E). The periphery of this diaphragm 
E, as it is called, is clamped, by means of the ear-piece, to 
the rim R of an inner brass casing. 

The above instrument may be employed as a receiver or 
transmitter , but nowadays it is almost solely restricted to the 
farmer use. 

As regards its action as a transmitter it is obvious that on 
speaking into the ear-piece the diaphragm will vibrate^ 
by its to and fro movement will change the distribution ofthe 
magnetic flux cutting the coils C. Consequently the current 
induced in the coils and connected circuit (including a similar 
telephone acting as a receiver) will vary in a manner depend- 
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ent upon, ths vibrations of tho diftphragin, which, aro in turn 
governed by the words uttered by the speaker. In the similar 
instrument used as a receiver the operations will be reversed. 
The fluctuations of the current in the line circuit will magnetise 
the pole-pieces to varying strengths, so that the pull on the 
diaphragm alters accordingly. The vibrations of the dia- 
phragm will be communicated to the surrounding air so that 
the speech will be reproduced. 

It should be carefully noted that if the receiver were not 
“ polarised ” (i.e. the permanent magnet is omitted) the 
diaphragm would be attracted twice in each cycle of the 
alternating current in the coils of the receiver, because the 
attraction would ensue whether a pole-piece is of north or 
south polarity. In consequence the pitch of the transmitted 
sound would be raised by one octave. With the use of the 
permanent magnet the pull is decreased and then increased 
in consecutive halves of each cycle, so that only one to and 
fro movement is made in the complete cycle. It can also 
be proved that the presence of the magnet increases the ampli- 
tude of the vibrations of the diaphragm. 

By employing a telephone of this type at each end of a 
transmission line, one to act as transmitter and the other as 
receiver. Bell and Gray were able to work without the use of a 
battery. The distances of transmission, however, were 
comparatively small, but the range was extended to hundreds 
of miles by improvements in the transmission apparatus. 
A tether improvement suggested by Edison, was the use of 
transformers (T) as indicated in Fig. 180. 

The diagram shows the simplest circuit for use in long- 
distance telephony, and it involves, as can be seen, the separa- 
tion of the transmitting and receiving sections. Now the 

upon the awip^ife^e^page 26S) of the varying current, the 
total value of which is inversely proportional to the resistance 
of the whole circuit. But the changes in resistance ont$l 
occur in the microphone (page 114), so that if this resistance 
becomes small in comparison with the total resistance of the 
circuit the change in current will be small, and hence the signals < 
received will decrease in strength as the length of the “ hues ” 
connecting the stations is increased. In order to overcome 
this difficulty the arrangement is adopted (Fig- 180>) whereby a 
battery B is included in series with a transmitting microphone 

18 
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M, a switch S (to avoid any unnecessary use of the battery) and 
a low resistance primary coil of a small transformer T. When a 
transmitting circuit is closed and the “ caller ” speaks into 
the microphone, the diaphragm of the latter commences to 
vibrate and produces a fluctuating pressure on the carbon 
granules. The resistance of the granules, and therefore the 
primary current, varies proportionately to this pressure, and 
by electro-magnetic induction an alternating e.m.f. of the same 
frequency as the speech is induced in the secondary of the 
transformer T x . In turn this e.m.f. will create a fluctuating 
current in the line circuit containing the secondary, and since 
the receivers (Rj and R 2 ) are included in this circuit, their 
pole-pieces will become variably excited. It follows that the 





Fm. 180. 


diaphragm of the receiver R> 2 at the receiving station will 
generate sound waves of the same frequency as those uttered 
at the speaking station (M x ), and it is obvious that speech 
may be transmitted similarly in the opposite direction. An 
undesirable “ interference ” with the transmitted signals may 
occur if the telephonic (or telegraphic) lines run parallel to 
an “ earthed return ” system of electric traction. This 
induction effect will make itself evident as a buzzing in the 
phones, and will occur when there is any undue sparking at 
the current collecting contacts of the car, or in the motor 
system. In all modem telephonic lines a twisted metallic 
circuit is employed to overcome this trouble. 

Rectification is the process of converting an alternating into 
a direct current. In addition to the mechanical method con- 
sidered above, there is a type of rectifier which is dependent 
on the fact that a thin film of oxide on a copper plate offers 
a much higher resistance to the flow of current in one 
direction than in the other. These metal rectifiers have a 
wide field of application and can be arranged to give large 



INDUCED CURRENTS 259 

currents, for example 1,200 amps, at 12 volts, or smaller 
currents, say 1/10 amp. at 80,000 volts. 

QUESTIONS. 

1. State Faraday’s Laws of Electro-magnetic Induction and describe one 
experiment to illustrate these laws. 

Given a coil of wire and a galvanometer, how would you show that the 
earth is a magnet ? (U.E.I., SI, 1932.) 

2. State Faraday’s and Lenz’s laws of electro-magnetic induction. Calcu- 
late the average e.m.f. induced in a 1,250 turn coil when the flux linking 
with the coil changes from 20,000 to 50,000 lines in 0*0075 seconds. 
(N.C.T.E.C., 1934.) 

3. Describe the construction, and with the aid of a diagram, explain the 
action of the induction coil: (U.E.I., SI, 1933.) 

4. Define the Henry. 

Explain what is meant by [a) self inductance, (5) mutual inductance. 
A coil has an inductance of 0*2 henry. When a direct current of 10 amperes 
flowing in it is reduced to zero at a uniform rate, an e.mi'. of 5 volts iB 
induced. Find the time taken to reduce the current to zero. (U.L.CX, 
B, 1935.) 

5. Explain the principle of action of a transformer, and include in your 
explanation the reason why the primary current increases when the load on 
the secondary increases. (U.E.I., S3, 1932.) 

6. An induction coil has a primary resistance of 5 ohms and should be 
used on 100-volt mains. If the supply is at 240 volts, explain what you 
would do to use the coil. 

If the secondary current is 5 milliamperes, what is the highest voltage 
obtainable? (N.C.T.E.C., 1934.) 

7. Make a sketch of a telephone transmitter and receiver. Explain 
the action of each part. 

8. A tram car travels at the rate of 35 metres per minute along rails which 
are 1-2 metres apart. If the vertical component of the earth’s magnetic 
field is 0*4 gauss, find the e.m.f. between the ends of the rails. . 

9. Describe the fluxmeter and explain how you would use it to deter- 
mine the pole strength of a bar-magnet. 

10. It is desired to use a transformer to step-down from 210 to 4 volts. 
If the primary coil is wound with 1,200 turns, how many turns should be 
wound on the secondary coil ? 
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THE DYNAMO AND MOTOR 

It has already been shown (page 252) that when a conductor 
cuts a magnetic field an electro-motive force is induced in the 
conductor. The direction of this e.m.f. can be derived by 
applying Fleming’s Right Hand Rule which is as follows: 
j Extend the right hard so that the thumb a/nd first two fingers 
are at right angles to each other. Then if the F irst [or fore) 
finger points in the direction of the Field and the thuTffb in the 
direction of the Motion of the conductor , the sEcond finger will 
give the direction of the induced Electro-motive force. 

The right-hand rule applies to the dynamo, in contrast to 
the left-hand rule, which is applicable to the motor. 

The Dynamo Generator.— The name dynamo is given to a 
machine in which mechanical energy is converted into electri- 
cal energy through relative motion between conductors and 
magnets. 

The dynamo in its present form consists essentially of two 
parts, viz. (1) the field magnet system , and (2) the rotating coil 
or system of coils which is called the armature. The latter 
usually consists of a number of copper bars which are insu- 
lated from each other and which are supported on an iron 
core. The core is introduced in order to increase the flux 
density through the armature. This clearly increases the 
induced electro-motive force. 

Coil Rotating in a Magnetic Field. — Let ABOD (Fig. 
181 (c)) be a coil which is rotated anti-clockwise about a 
vertical axis XY in the field of the magnet NS. A plan of the 
arrangement is shown in Figs. 181 (a) and (6). As the coil 
rotates the vertical conductors AD and BC cut the lines of 
magnetic force, so that by applying Fleming’s Right-Hand 
Rule the direction of the induced e.m.f.’s can be ascertained. 
In Kg. 181 (a) it is evident that the induced e.m.£’s act 
respectively in the directions DA, BC and furthermore H* is 
easily seen that if the ends of the coil are connected* tN^y will 
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assist each other to send a current 
round the closed circuit. When 
the plane of the coil reaches the 
position which is perpendicular to 
the plane of the paper (PP 1 in 
Figs. 181 (a) and ( b )) the induced 
e.m.f. vanishes. On passing this 
position the direction of the in- 
duced e.m.f. in the circuit is 
reversed (see Fig. 181 (6)) and 
remains so until the plane of the 
coil is again perpendicular to the 
plane of the paper, when it be- 
comes zero as before. If the 
rotation is continued the induced 
e.m.f. will now be in the original 
direction. 

The direction of the induced 
e.m.f. is thus reversed each time 
the coil passes through a position 
which is perpendicular to the 
plane of the paper. Its magnitude 
fluctuates between a maximum 
value when the coil is in the plane 
of the paper and the conductors 
AT) and BC are moving at right 



(«) 



Fig. 181 (6). 


N 


I 


I 


angles to Hie lines of force, and a zero value when the coil is 
perpendicular to the plane of the paper and the conductors 
are moving parallel to the lines of force. 

If the coil is rotated 
about a horizontal axis 
Him the above facts 
_ axe B&S applicable, the 
induced e.m.f. being a 
maximum and a mini- 
mum when the coil is 
respectively horizontal 
and vertical. 

- It can be shown that 
the induced e.mX in 
1 ■ the coil at any instant 

Fig. 181 (c). is proportional to the 
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CTnft of the angle that the plane of the coil makes with the 
perpendicular to the lines of force of the field. The alternat- 
ing nature of the induced e.m.f. is shown in Kg. 182 where 
6 denotes the angular position of the rotating coil. 



The dynamo is connected to the external circuit by means of 
metal brushes , and these make contact with two insulated 
metal slip rings which are permanently joined to the ends of 
the rotating coils. By the use of a split-ring commutator a 
current which is alternating in the armature coils is trans- 
formed into a direct current in the external circuit. The 
commutates: consists of a split metal ring B.R 1 (Kgs. 183 (a) 
and (£)) the two segments of which are insulated from each 



r • 

(a) Fig. 183. (b) 


other. One end of the rotating coil is connected to one of 
these segments and the other end to the other segment. The 
brushes B and B 1 bear on the segments and convey the current 
to and from the external circuit. 

The connections of these brushes are reversed at the same 
instant as the em.f. is reversed, so that the +ve end of the 
coil is always connected to the same end of the external circuit. 
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The current in the external circuit is thus unidirectional, so 
that the alternator is transformed , by the employment of a 
commutator, into a direct current dynamo. The current in tfra 
armature itself, of course, continues to reverse. Figs. 183 
(a) and (6) show the direction of induced e.m.f.s in succeeding 
halves of the revolution of a coil abed about a horizontal 
(dotted line in the Figures.). 

Alternating Current (A.C.). — Fig. 182 shows a sine 



position of the rotating coil (page 262), and it should be evi- 
dent that a precisely similar curve will indicate the relation- 
ship between current and time (Fig. 184). Referring to this 
latter curve the following definitions and terms axe important. 

The maximum amplitude I m of the current is known as the 
peak (or crest) value. 

A complete passage of current from zero to a -f- ve ma ximum , 
through zero to a — ve maximum and back again to zero is 
termed a cycle, and since this variation is regularly repeated 
the curve is said to be periodic. 

In Fig. 184 it is seen that the period (T) of the cycle is 
0*02 seconds, hence the frequency (f) or number of cycles per 


second = 


1 

0*02 



The frequency of most A.C. supplies is 


gradually becoming standardised at the above value. It 
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may be proved that the general expression for the instantane- 
ous value (£) of the current at any time t sees, after its zero 
value, is given by i—Im sin 2nft. 

Example , — The maximum value of an alternating current is 
20 amps, and the frequency is 50 cycles per second. Assum- 
ing that the variation of current obeys the sine law, determine 
at what time after the time of zero current, will the current 
attain half its maximum value. 


Here I w =20 amps. 

£=10 amps. 

/=50 cycles per sec. 

.*. 10=20 sin 2nft=20 sin 100«£. 

or sin lOOjrf = i 

/ 30 \ 

But sin 30° i.e. sin l jgn Xtc J radians = 


Hence sin 


V180 X 


180 

") 


= sin lOCbtf 


inn * 30 7r 

or 100rf = m . « - g 


i.e. t = secs. = 0*0167 sec. 
600 


1 

2 


Alternators. — This term is applied to those machines 
which are used to deliver alternating current in an external 
circuit. 

In these generators the magnetic held is necessarily excited 
by an auxiliary D.C. supply and as in the case of the dynamo 
the magnetic circuit is completed through the iron core of 
the armature. Now it has been seen previously (page 234) 
that the production of an induced e.m.f. is only dependent 
on the relative motion between the coil and magnet systems, 
and this fact is utilised in the design of alternators. These 
machines (in contrast to dynamos) axe usually designed so 
that the armature is fixed while the held magnet systean 
rotates within the armature. The armature and held magnet 
system are consequently often referred to as the stator and 
rotor respectively. One of the advantages of this arrange- 
ment is that with the higher voltages usually generated by 
alternators the problem of the better insulation which is 
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required is more easily overcome with a stationary, tihn-n 
with a rotating armature. The maximum voltage generated 
by these machines is limited in practice to about 15,000 volts, 
and to obtain higher voltages (e.g. for transmission) step-up 
transformers are utilised. 

Introductory Facts about Alternating Currents. — 
It is not within the compass of this book to treat the subject 
of alternating currents in any detail, but a few simple experi- 
ments should be performed by the student, by way of com- 
parison with the corresponding properties of direct currents. 

The alternating character of the current may be con- 
veniently illustrated by the following experiment : 

Experiment . — Obtain a suitable carbon lamp and include 
it in a circuit where there is a D.C. source of the appropriate 
voltage. Show that the filament behaves as an ordinary 
current-carrying solenoid, by placing two opposing poles of a 
pair of bar-magnets in close proximity to the centre of the 
carbon filament. This “ flexible ” conductor will be seen to 
lengthen or contract according to the direction of the magnetic 
field and will remain so until the field (or current) is removed. 

Repeat the experiment, using A.C. supply. The student 
will now observe that the filament is in a state of vibration , 
i.e. the lengthening and contraction are following each other 
in rapid succession, thus indicating that the direction of the 
current in the filament suffers reversal many times par second. 

To show the effect of capacity (or capacitance as it is now 
termed) in an A.G. circuit the following experiment should be 
performed : 

Experiment . — Connect up as in 1%. 186 (a) where C is a 
condenser of say 10 jxFd. and L and B are respectively a suit- 
able lamp and battery. G is a sensitive galvanometer. A 
momentary deflection of the galvanometer wffl he noticed, 
due obviously to a momentary current. This eassent will 
cease when the P.D. between the plates of the condenser is 
the same an that between the poles of the battery. This 
momentary current may be prolonged (and perhaps, therefore, 
ma-fift more evident to the eye) by the inclusion of a megohm 
in the circuit, since now the condenser will take a longer time 
to charge up. 

Repeat the procedure (see Fig. 185 (b)) using the A.O. mams 
and a 40 or 60 watt lamp. This lamp will readily light up 
when C has a large value, say 5 pFd. or more. If the capacity 
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of the condenser is reduced to say 0*01 ^.Fd. the lamp does not 
glow, for the quantity of electricity necessary to charge up 
the condenser through the lamp is now very small. 

In a circuit containing capacity the current reaches its 
ma.TriTTmm value before the electro-motive force, and the 
current is said to lead. In the case of a circuit comprising an 
inductive resistance the current lags behind the e.m.f., since 
the self-induced e.m.f. always tend to oppose the rise or 
decay of the current in the circuit. 

The lag or lead between the 
current and impressed e.m.f. is 
known as the difference of phase 
between them. 

It should be noted that it 
would have been useless to have 
included an ordinary galvano- 
meter or moving-coil ammeter 
in the A.C. circuit above, for 
such instruments are unable to 
respond to such a rapid varia- 
tion of the current intensity. 
In order to overcome this diffi- 
culty, use is made of the fact 
that both of the two following 
effects are independent of the 
direction of the current : (a) the 
heating effect of a current, e.g. 
the principle of the hot wire ammeter (page 139) and (6) the 
force between two coils carrying the same current, e.g. the 
principle of the wattmeter (page 140). 

The magnitude of an alternating current is measured by 
the strength of the steady current which would produce the 
same heating effect as the A.C. current itself. Since the 
heating current is proportional to the square of the current at 
an y instant it follows that this magnitude is giv en by 
V Average Value of (Current) 8 taken through a cycle. This 
quantity is known as the Boot Mean Square (R.M.S.) value of 
I, or its value in virtual amps. 


c 



{a) 


— O ^ 

c 



«MWV 

Fig. 185 (&). 


It 


T 

may be shown that I = where Iq is the maximum 


value of the current in the cycle. 
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Similarly the R.M.S. value of the voltage is 



= 0*707E 0 


Where E 0 is the maximum value of the e.m.f. in the cycle. 

The significance of the above remarks is made evident when 
it is noted that if a hot wire ammeter reads 10 amps, on an 
A.G. circuit, it means that the current (I) is actually varying 
between + I 0 and — I 0 , where 1 0 = 10 V2 == 14*14 amps. 

The ratio of the voltage to the current in an A.G. circuit 
containing only capacity or inductance is known as the 
reactance of the circuit and may be measured in ohms. 

In a circuit containing inductance (L) only the reactance is 
equal to 2nfL, where f is the number of cycles per second, 
while in a circuit containing capacity (C) only the reactance is 


2tc/C * 

In an alternating current ' circuit containing resistance 
and inductance the expression for Ohm’s Law becomes 

T - E 

- -v/R 2 X (27t/L) 2 


The quantity VR 2 + (2ic/L) 2 is known as the impedance of 
the circuit and it is evident that even if R is small the current 
flowing may still be reduced by increasing L. This arrange- 
ment has the further advantage of reducing the energy 
(I 2 R) dissipated in the circuit, and in actual practice a device 
known as a “ choiring coil ” is used to reduce or “ choke ” the 
current. This coil consists essentially of an inductive wind- 
ing upon an iron core, the resistance of the winding being 
relatively small compared with its inductance. 

The true power in an A.C. circuit is found by multiplying 
the apparent power (i.e. the product of virtual amps. X virtual 
volts) by a factor cos 9, which is known as the power-factor 
and whose masim-nm value is unity. 


Skin Effect. — In A.0. supplies of large frequencies, say 
500 or more cycles per second, the currents are confined chiefly 
to the surface of a conductor. This phenomenon is known as 
the skin effect, and besides depending on the frequency it is 
also proportional to the permeability and electrical con- 
ductivity of the wire. In fact for an iron wire the value of 
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the current in an A.C. supply of frequency 1,000 at 1/5 mm. 
below the surface is only about 1/10 of that at the surface. 
As a consequence hollow tubes will conduct as well as solid 
rods of the same external diameter. Litzendraht wire consists 
of many strands of insulated wire twisted together, and 
provides a low resistance to the passage of high frequency 
currents. 

Eddy-Currents. — It has been seen (page 252) that an 
e.m.f. is induced in a conductor, which is moved in a magnetic 
field or is subjected to a varying flux. Now from the point 
of view of electro-magnetic induction the shape of the con- 
ductor will be immaterial, but for a large body the induced 
e.m.f.*s in different parts may have different values owing to 

unequal changes of flux. It 
follows that as a consequence 
of the unequal magnitudes 
of these e.m.f.’s, induced 
currents will flow in localised 
paths within the metal. 

The direction of these eddy 
(or Foucault) currents, as 
they are termed, will be 
Fig. 186 . given by the right-hand rule 

and they will set up a 
magnetic field which tends to oppose the cause producing 
them. Hence if a copper disc is set spinning between the 
poles of a magnet as in Fig. 186 it will experience a mechani- 
cal drag (cf. a brake) which will quickly bring it to rest ; 
alternatively if the disc is maintained in rotation it will become 
heated by the eddy-currents. This heating effect represents a 
loss of energy in the system, so that transformer cores, 
dynamo armatures, etc., are laminated to increase the resis- 
tance of the current-paths. Again the “ braking-effect ” 
is utilised in some forms of electric supply meter to control 
the speed of the moving system (page 231), and also in the 
damping of “ hot-wire ” instruments in which a disc fixed to 
the pointer moves between the poles of a magnet. 

Experiment . — Obtain a short cylindrical magnet (a cobalt 
steel magnet about 2| in. long and $ in. diameter is very 
suitable) and place it in a stirrup attached to the lower end 
ef a silk thread suspension, within an oscillation box (page 
91). Carefully adjust the magnet to be horizontal and 
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approximately T V ins. above a horizontal cardboard disc (say 
6 in. diameter), on which is marked a circular scale graduated 
in degrees. Deflect the magnet from its equilibrium position 
in a horizontal plane, note the maximum amplitude, say 60°, 
and count the number of oscillations before this amplitude is 
reduced to say 30°. 

Repeat the experiment replacing the cardboard disc with a 
copper disc of the same size and thickness. A gain count the 
number of oscillations made by the magnet before its initial 
amplitude is reduced by half, and it will be found to be much 
smaller than before. If a brass disc of similar dimensions 
to the above is available its damping effect on the motion of 
the magnet will be found to be intermediate to that of the 
cardboard and copper. This result is evident when it is 
considered that the damping effect is a function of the mag- 
nitude of the eddy-currents which in turn will vary inversely 
as the resistance of the material of the disc (when dealing 
with discs of identical size and shape). 

The Electric Motor. — The electric motor does not differ 
in any fundamental point of construction from the dynamo. 
Its action, however, is the converse of the dynamo, for by 
means of the motor electrical energy is converted into 
mechanical work. The principle of the electric motor depends 
on the fact that a current-carrying conductor, placed in a 
magnetic field, experiences a force which tends to displace it 
across the field (page 72). 

A number of simple rotating devices were invented following 
Faraday’s discovery (1831) of the effect, but a Russian, 
Jacobi (1839), was the first to employ an electric motor in 
actual practice. He used a battery of about 69 large (shove 
cells to supply his motor, which was able to propel a boat on 
the River Neva at a speed of fust over two miles per hour. 

Referring to the case ofthe simple xoteth^-eo0, split-ring, 
machine described on page 262, it is evident that if D.G. is 
led into the coil by one brush and out by the other, the cod 
will c ommenc e to rotate about a horizontal axis (see Big. 183). 

Further, this motion will be maintained if the brush con- 
tacts change from one slip-ring to the other when the plane of 
the coil is vertical. A gain it should be dear, by applying the 
left-hand rule, that the direction of rotation will be revu^feid 
either by (1) reversing the ejnf. applied to the brushes, or 
(2) reversing the direction of the magnetic field. It is also 
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obvious that the necessary reversals of current in the coil, to 
maintain continuous rotation, may be brought about by using 
an A.C. instead of a D.C. supply. In this case the alternations 
of current must occur at the correct moments, i.e. the motor 
must be running at the exact speed when connected to the 
A.O. supply, in order that its rotation should be maintained. 




Fig. 187 ( 6 ). 

Hence for a given frequency of supply these machines, known 
as synchronous motors, will only run at one speed. 

The torque exerted by the above machine, ie. the total 
turning effect of the electro-magnetic forces on the conductors, 
will vary continuously in magnitude between mftTrimnm smd 
zero values, and to obtain a more uniform torque it is necessary 
to employ a larger number of conductors. Now the value of 
the torque is proportional to the current flowing in the arma- 
ture, and hence it might appear that the speed of rotation 
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could be increased without limit by applying larger e.m.f.s 
to the armature. There is, however, another factor to be 
considered as will be evident if reference is made to the simple 
case shown in Figs. 187 {a) and (b). In Fig. 187 (a) the 
direction of the applied e.m.f. in the conductors is shown, »r*d 
also the resulting direction of rotation of the armature. Now 
in consequence of this rotation in a magnetic field an e.m.f. 
will be induced in the armature conductors, and as will be 
seen, by applying the right-hand rule, its direction (Fig. 187 (b)) 
will oppose the applied e.m.f. (E). 

Since this back e.m.f. (Ed) is proportional to the speed of 
rotation, the latter will increase until E&-f-I A R A =E, where 
R a is the armature resistance and I A is the current flowing 
through it. 

When the armature of a motor is stationary the back e.m.f. 
is obviously zero, and if a large e.m.f. is now suddenly applied, 
the current through the armature (I A =E/R A ) may be ex- 
cessively large, since R A is generally quite small. For this 
reason a starting resistance or motor starter is connected in 
series with the armature. The whole of this resistance is 
initially in circuit so that the current is small at the be- 
ginning. By cutting out coils, one at a time, this current is 
gradually increased and in this way the speed of the motor 
is increased at a suitable rate. 

QUESTIONS. 

1. Describe briefly a simple method of producing an alternating current* 

Describe the comparative effects of passing ( a ) an alternating current, 

(6) a direct current through : (1) the coil of a tangent galvanometer, (2) 
a wire of high resistance. 

Give brief reasons for your answer. (C. & G., 1935.) 

2. Draw a diagram illustrating the main principle of the production 
of an electric current by a dynamo. Explain, with reference to any ex- 
periments, how a current is produced by a dynamo. (U.L&.CX, 1935.) 

3. Explain the principle of action of the D.C. motor. Give sketches of 
the essential parts and name them. (U.E.I., Si, 1933.) 

4. Explain the action of the commutator of a generator, illustrating your 
answer by sketches showing a coil of one turn rotating in a magnetic field 
and connected to a commutator consisting of two segments. (UJEJL, 
SI, 1932.) 

5. What do you understand by (a) hysteresis loss and {&) eddy current 
loss, in regard to electrical machinery ? 

6. Write a short account of the properties of alternating currents by- 
contrast with those of direct currents, and describe any simple experiments 
by way of illustration. 

7. What do you understand by (1) a “ choking coil,” and (2) the “ skin 
effect ” ? 
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ELECTRICAL UNITS 
Definition of Practical Units 

Ohm.— The international ohm is defined as the resistance 
offered to an unvarying electric current by a column of 
mercury at 0°C., 14*4521 gm. in mass, of a constant 
cross-sectional area and of a length of 106*300 cm. 

Ampere.— The international ampere is the unvarying electric 
current which, passed through a solution of silver nitrate 
in a specified maimer, deposits silver at the rate of 
0*00111800 gm. per second. 

Volt. — The definition of the international volt follows from 
Ohm’s Law (viz. international volt — international am- 
pere x international ohm.) but it is also expressed by* the 
E.M.F. of the Western Cadmium Cell, viz. 1*01830 inter- 
national volts at 20° C. 


Relations between Practical and C.G.S. Units 


C.G.S. Electromagnetic Unit of Current = 10 Amperes. 

Resistance = 1G" 9 Ohm. 
Potential — IQ -8 Volfw * ! n : 
Capacity — 10 9 Farads. 
Inductance — 10“ 9 Henry. 
C.G.S. Electrostatic Unit of Potential = 300 Volts. 

Capacity = Farads 

Quantity = Coulombs 
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The following is a list of Greek letters employed in the text 
for denoting various electrical quantities : 

a — alpha. 8 — delta. 

0 — theta. x — kappa, 

jx — mu. p — rho. 

to — omega. <p — phi. 


Table op 


Name of Quantity. Symbol. 


Temperature .... 

0 

Frequency .... 

/ 

Period 

T 

Potential Difference (P.D.) V 
Electromotive Force 

(E.M.F.) .... 

E 

Current 

I 

Quantity of Electricity . 

Q 

Magnetic Field Strength 

H 

Magnetic Flux 

<P 

Magnetic Flux Density . 

B 

Permeability .... 

{* 

Resistance .... 

R 

Capacity or Capacitance 

0 


Symbols 

Name of Quantity. Symbol. 

Dielectric Constant (or 
Specific Inductive 
Capacity) .... 

Self-Inductance . 

Mutual-Inductance . 

Intensity of Magnetisa- 
tion 

Susceptibility. 

Specific Resistance 

Temperature Coefficient 
of Resistance . 

Angle of Dip .... 

Angle of Declination . 

Ohm ...... 

Farad 

Pole Strength 


Prefixes and Symbols for Multiples 
and Sub-Multiples 


*9 


m 


for milli denotes 


1,000 


\x for micro denotes 


1,000,000 


M for mega denotes 1,000,000 
k for kilo denotes 1,000 


•D X H 



TABLE I 

Constants os 1 Electrical Conductors and Resistance Mate 
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Electrochemical Equivalents (E.O.E.’s.) 

(in milligrams per coulomb) 

Hydrogen . . 0*0105 Silver . . 1*1180 

Oxygen . . 0*0829 Lead . . 1*0731 

Copper . . 0*3294 

1 coulomb decomposes 0*09334 m.gm.. of water. 


E.M.F,’s. of Cells 

Approximate E.M.F.’s of Primary Cells on Open Circuit. 

Lddanche . . . 1*5 volts. 

Daniell .... 1*1: volts. 

Bunsen .... 1*9 volts. 

Weston Standard Cadmium Cell 
E.M.F. at 20° C. = 1 * 01830 volts. 

j Note . — The maximum permissible current from a standard 
cell without perceptible polarisation is about 5 x 10“ 6 amp. 


TABLE II 


Dielectric Properties of Insulating Materials 


Material 

Amber 

Bakelite moulded 

Ebonite 

Glass 

Gutta-Percha 

Mica 

Mycalex . 

Paper (including 
varnished) 
Paraffin Wax . 
Porcelain . 
Presspahn 
Quartz 

Rubber (vulcanised) 
Sulphur . 


Specific 
Resistance 
in megohms 
per cm. cube. 

5 X 10 10 
(1-40) X 10 6 

2 X 10® 
10 8 -10 6 
10 7 -10 9 
10 8 -10 u 
10 7 

10 *- 10 8 


Dielectric Dielectric 

Strength, i.e. Constant 
Breakdown or Specific 
Voltage, in Inductive 

kilo-volts per cm. Capacity. 

2*86 

100-200 2*5 - 5*0 
270-400 2*0 - 3*5 
60-500 5*0 - 9*0 
80-200 2*5 - 4*0 
500-3000 5*0 - 8*0 
120 6*1 
60-400 2*0 - 4*0 


10io_ioi2 

10 7 - 10 9 

10 4 

10 8 

5xl0 9 
10 10 — 10 11 


100 2*0 - 2*3 

80-120 4*5 - 6*5 
80-160 2*5 - 5*0 

— 3*5 - 4*5 

120-240 3*0 - 5*0 

— 3*0 - 4*0 
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TABLE III 

Materials for Permanent Magnets 


Remanence Maximum 

Material. Coercive Force Induction useful energy 

in oersteds. in gauss. in ergs per cc. 

6% Tungsten Steel 60-70 10,000-12,000 11,000 

15% Cobalt Steel 185-195 7,800-8,300 26,000 

35% Cobalt Steel 220-250 8,500-9,500 38,000 

“ Darwin-Alni ” 400-650 5,000-7,000 50,000 


“ Darwin-Alni ” (an alloy containing N i and Al) remains 
stable up to a temperature of 500° C. — 600° C., whereas Cobalt 
and Tungsten Steels are limited in use to temperatures below 
300° 0. and 150° C. respectively. 


Notes on Materials for Cores of Armatures, 
Transformers, Etc. 

The desired characteristics of these materials are in general 
high permeability, high saturation density, small hysteresis 
loss and high electrical resistance. Swedish iron (maximum 
permeability 3,000) was formerly used for cores but there are 
alloys, e.g. Stalloy, Lohys, etc., containing small percentages 
of silicon or aluminium, and which show greatly enhanced 
values of maximum permeability (up to 8,000), and a reduced 
hysteresis loss. More recent alloys of Nickel and Iron, e.g. 
Permalloy and Mumetal have initial values of permeability 
of 20,000 and maximum values of 90,000. These materials are 
ideal for magnetic shielding against stray flux, gramophone 
“ pick-ups,” moving-iron instruments, and for submarine cable 
“ loading,” in which a sheath of soft iron is employed to 
ensure dearness in high speed signalling. 



ANSWERS TO NUMERICAL PROBLEMS 


CHAPTER I 

3. I* 75 dynes. 11. 2*571 c.g.s. 

10. 1*442 c.g.s. 

CHAPTER II 

5. (a) 4 dynes repulsion. 

(b) 16 dynes repulsion. 


CHAPTER III 

3. (a) 2* 4jaF. 8. (i) 10*0 e.s.u. 

(b) 10*0(iF. (ii) 1‘llxlO’VF 

5. (a) 10" 8 coulombs. 10. 1 ■ 972 x 10“VF. 

(b) 0*7541 : 1. 

7. 10*42 

i e.s.u. 
d 

1*30 

— j— e.s.u. 
d 

CHAPTER IV 

1. 55 volts. 

CHAPTER V 
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3* 8*66 secs. 


4. 603*0 c.j.8. 
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1. 0*0533 amps. 
2*67 volts. 


CHAPTER VI 

5. 179*0®. 

6. 4*5®. 


2. (i) 3 amps ; 1*5 amps, 
(ii) 2 amps ; 1*0 amps. 

3. (i) in two parallel 

groups. 

(ii) cells in series, current 

—2*4 amps. 

(iii) cells in parallel 

grouping, current 
—3*0 amps. 

4. 0*0129®. 


20*0 amps. 


7. 25. 

8. 7. 

9. 1 


18 


CO 


i.e. 0 * 055 6 co. 


10. 24,500®. 

11. (a) 859*4. 

(b) 4*815 amps. 

12. (a) 192 lines. 

(6) 76,800 lines. 


CHAPTER VII 


2. 252*0 calories. 

3. 2* 843 x 10 B calories. 

4. 1 * 984° C. 

5. (a) 14*4 pence. 

(6) 10*0 pence. 

6. 201*67®. 

10*8 pence. 


9. 21 mins. 57 secs. 

10. (i) 1*575 B.O.T. 
(ii) 5,444 B.Th.U. 

11. 0*21 pence. 


7. (a) 9*0 amps. 

(b) 18*0 pence. 

8. (i) 1*5®. 

(ii) Heating Effect in 3*0® 1 

Heating Effect in 1 • 5® 2. 


CHA PTER VTTT 

4. 0* 1315 amps. 7. Silver 894 * 5 coulombs. 

Copper 3,049 coulombs. 
Hydrogen 96,160 coulombs. 
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CHAPTER IX 

6. (i) 85*0%. 8. (i) 40 amps. 

(ii) 72*1%. (ii)2*50©. 

CHAPTER X 

3. 300*0©. 

CHAPTER XII 

10. (i) 4©. 

(ii) 8©. 

(iii) 3*75 amps. 

11. 146*5 cms. 

CHAPTER XIII 

2. 50 volts. 8. 2 * 8 X 10" 6 volts. 

4. 0*4 second. 10.22*8. 

6. (i) insert a resistance of, 

7© in series with the 
coil. 

(ii) 400,000 volts. 


1. 5*0©. 

0*015 amps. 

2. 0*0802©. 

7. 9-OxlO” 4 ©. 

8 . 21 * 88 ©. 

9. 2*0©. 
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— - Plants type, 170 
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Action of points, 40, 61 
Alternating current (A.G.), 263, 265 

instruments, 139, 140, 
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experiments on, 265 

sine curve of, 263 

e.m.f., 262 

Alternator, 264 

Aluminium, electrolytic extraction, 
155 ' 

Ammeter, calibration of, 149 
hot wire, 139 

— moving coil, 185 

* moving iron, 188 

principle of, 184 

Ampere, Andre, 64 

Ampere, definition of, 64, 79, 151 

turn, 123 

Anion, 146 
Anode, 143 
Arc, carbon, 191 

furnace, 200 

welding, 201 

Armature, 260 
— — laminations, 268 
Arrhenius, 144 


Astatic galvanometer, 178 
Atom, 25, 26 
Atomio number, 25 


B 

Back e.m.f. of motor, 271 

— of polarisation, 163 

in a voltameter, 169 

Ballasting resistance, 192 
Ballistic galvanometer, 238 
Barlow’s wheel, 75 
Barretter, 220 

Bastian electrolytic meter, 230 
Bell, electric, 14 

Graham, 255 

Biot, 50 

Board of Trade Unit (B.O.T.), 136 
Bohr, 25 

Bridge, Metre, 207 

— Wheatstone, 206 
British Thermal Unit, 132 
Broadside-on position of magnet, 84 
Brush Discharge, 41 

Brushes, 262 
Bus bar, 153 

0 

Cable, 58, 198 
Cadmium cell, 168 
Calorie, the, 132 
Canton, 30 
Capacitance, 52 . 

Capacity of an accumulator, 171 

in A.C. circuit, 265 

in D.C. circuit, 265 

electrostatic, 51 

— specific inductiye, 35, 53 

unit of, 52 
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Carbon arc, 191 

filament lamp, 192 

rheostats, 116 

Catho.de, 143 
Cation, 145 
Cavendish, 34, 43, 50 
Cell, Cadmium (Weston), 168 

capacity of, 171 

Codd, 167 

Daniell, 164 

dry, 167 

e.m.f. of, 225 

— — lead-acid, 169 
— — Leclanch6, 165, 225, 228 

Barbier, 166 

local action in, 163 

nickel-alkaline, 173 

polarisation of, 162 

primary, 162 

resistance of, 224 

secondary, 170 

selenium, 119 

simple voltaic, 160 

standard (Weston-Cadmium), 

168, 225 

theory of, 161 

Cells, arrangement for maximum 
current. 111 

in parallel, 108 

in series, 108 

Charge (or Quantity), 35, 64, 133 

distribution over surface of 

conductor, 38, 39 
■ - unit of, 35 

Charging a conductor by induction, 
30 

by contact and by friction, 24 

— — — of an electroscope, 31 
Chemical effects of current, 143 

equivalent, 147 

Choke or choking coil, 267 
Circuit breaker, 199 

magnetic, 1 20 

open, 67 

- short, 117 

Clock rule, 13 

- - ■ meter, 229, 231 
Codd cell, 167 
Coercive force, 97 
Coercivity, 4 

Coil, couple acting on it in magnetic 
field, 77, 78 


Coil, induction in, 233 

rotating in magnetic field, 260 

search, 239 

strength of field at centre of 

circular coil, 78 
Coiled- coil lamp, 193 
Collecting combs, 61 
Commutator, 118 ; 262 
Compass, 89 

needle, 3, 7 

Condenser, capaoity of, 52 

parallel plates, 53 

electrolytic, 59 

Leyden jar, 58 

multiplier, 62 

principle of, 52 

square lav, 59 

types of, 57 

— — — variable air, 59 
Condensers in parallel, 55 

in series, 55 

Conductance, 102 
Conduction in gases, 196 

electrolytes, 144 

Conductivity, supra — , 217 
Conductor, 27 
— — lightning, 41 

moving in a magnetic field, 252 

Consequent poles, 5 
Control of instruments, 176 
Cooking appliances, 199 
Copper-plating, 153 

voltameter, 148, 149 

Core of magnet, 14 
Corkscrew rule, 69 
Corona discharge, 41 
Corrosion due to electrolysis, 157 
Coulomb, 15, 34, 64, 147 
Coulomb's law, 34 
Ooulometer, 151 
Crookes, 196 

Current- oarrying conductors, 

mutual force between, 74, 75 
Current, definition of, 64 

unit of, 79 

electric, 64 

— — - lag and lead of, in A.O. circuit, 
266 

measuring instruments, 176 

— • — root mean square value of, 266 

sensitivity of a galvanometer, 

184 
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Currents, chemical effects of, 143 E 


. eddy (or Fouoault), 249, 263 

— ■ heating effects of, 126 
- — « magnetic effects of, 68 
Curve, magnetic induction, 96 

resistance-temperature, 216 

sine, 263 

Cycle, 263 

of magnetisation, 96 


D 

Damping of instruments, 176 
D’Arsonval galvanometer, 182 
DanieD, 164 

cell, 164 

Davy, 146 
Dead-beat, 177 
Declination, 86 
Demagnetisation, 11 
Density, current, 148, 154 
Depolarisation, 164 
Diamagneti.es, 97 
Dielectric constant, 35, 53 

hysteresis, 54 

strength, 54 

Dielectrics, 54, Appendix 
Dip circle (or needle), 87 

magnetic, 87 

Direct. Current generator, 121, 262 

measuring instruments, 

184 

motor, 269 

Discharge, action of points, 40, 41 
— — brash, 41 

corona, 41 

— — spark, 41 
Dissociation, 144, 145 
Distribution of etedrioity on 
charged conductors, 38, 39 
■ ■ or erase nts in a network, 103 

of electrical power, 197 

Domestic appliances, 199 
Double touch, method of magnet' 
matron, 13 

Drum accumulator, 174 
BryceH, 167 
Be Fay, 25 
Dynamo, 253, 260 


Earth, capacity of, 52 
— — magnetic field of, 86 
return circuit, 157 
Earthing a conductor, 27, 41 
Eddy-ouzxents, 140, 249, 268 

application of, 177, 231, 

268, 269 
Edison, 173, 257 

accumulator, 173 

Efficiency of a cell, 172 

of a lamp, 194 

of a transformer, 252 

Electric arc, 191 

bell, 14 

charges, 23 

current, 64 

field, intensity of, 37 

fields, 32, 33, 34 

furnaces, 200 

— lamps, 191 

lighting mains, 197 

lines of force, 32, 33 

— — motor, 269 

potential, 43 

■ welding, 200 

windmill, 40 

Electrical method of magnetising, 13 

screening, 50 

units, 133 

Electricity meter, 137 
Electrochemical equivalent, 147 

of copper, 147 

; equivalents, table of, 150, 

Appendix 
Electrode, 118, 145 
Electrolysis, 143 
— — of acidulated water, 144 
— — back e.m.fl of, 169 

commercial application of, 153 

destructive effects v 

■ — — of fused salts, 146, £56" ■ 

ionic theory, 144 
• laws o£ 146 

of salt solutions, 145 

Electrolyte, 143 
Electrolytic condenser, 59 

meter, 229 

refining, 156 

Electromagnetic induction, 233 
Electromagnets, laboratory, 2 



INDEX 


283 


Electromagnets, lifting, 14 
Electro-metallurgy, 155 
Electrometer, 47 
Electromotive Force, 66 

- ■ alternating 262 

at break, 148 

back, 163, 169, 271 

of a cell, 67 

measurement 

226 


■ — definition of unit of. 

Appendix 

— - — — induced, 234 
Electron, 11, 23 
Electrophorus, 43 
Electro-plating, 153 
Electroscope, calibration of, 47 
— — charging of, 31 

gold leaf, 28, 29 

Electrostatic induction, 30, 31 

voltmeter, 62 

Electrotyping, 164 
Elements, magnetic, 89 
End-on position of magnet, 82 
Energy, definition of, 132 

efficiency of an accumulator, 

172 

— — electrical unit of, 132 
loss due to magnetic hys- 
teresis, 97 

measurement of, 229 

meters, 229 

Equality of poles of magnet, 21 
Equivalent, chemical, 147 
— — » electro-chemical, 147 
Erg., 132 
Ewing, 132 

Extraction of aluminium, etc., 155 


F 

Factor, power, 267 

of leakage in magnetic circuit, 

122 

Farad, 52 

Faraday, 1, 6, 45, 72, 143, 144, 146, 
164, 182,JL96, 233, 250, 253, 269 

ice pall experiment, 49 

laws of electrolysis, 146, 147 

Faure, 170 
Ferranti meter, 230 


Ferro-magnetios, 97 
Field strength at a point due to a 
bar magnet, graphical construc- 
tion, 86 

Fields of foroe, electric, 32, 33, 34 

magnetic, 5, 68, 71 

Fleming’s left-hand rule, 73 

right-hand rule, 260 

Flux density, 120 

linkage, 238 

magnetic, 120, 237, 238 

, leakage of, 122 

Fluxmeter, 239 

Force between electrio charges, 34 

magnetic*poles, 15 

coeroive, 97 

lines of, 5, 6, 20, 32, 33 

on conductors in magnetic 

field, 72 

Formed plate, 171 
Foucault currents, 249, 268 
Franklin, Benjamin, 25 
Frequency of A.C., 264 
Fuse, 126, 198 

Furnace, electrio arc type, 200 

resistance, 200 

Fusing ourrents, experiments on, 
127, 128 


G 


Galvani, 160 
Galvanometers, 177 

astatio, 178 

ballistic, 238 

current, sensitivity of, 184 

— — moving oral, 182 
— — — - — needle, 178 

sensitivity o£ 178 

- shunt, 108 

tangent, 179 

Gas coulometer (or voltameter), 144 
— — filled lamps, 193 
Gases, conduction through, 196 
Gauss, 18 

Generator, 121, 260 
Gilbert, Sir William, 27, 88 ' 

Gilbert, the, 121 
Gold leaf electroscope, 28, 29 .. 
Gravity control, 176, 189 
Gray, 254 .. 
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H 

“ Half-watt ” lamp, 193 
Heat and magnetism, II 

units of, 132 

Heating effects of current, 126 

laws of, 128 

Heavy water, 157 
Helical spring, fiat-coiled, 187 
Henry, 233, 246 
Heusler alloys, 11 

High resistance, measurement of, 
221 

voltages, measurement of, 61 

Hollow conductors, experiments 
with, 49 

Horizontal intensity of earth’s 
magnetic field, 240 
Horse-power, 136 
Hot-wire instrument, 139 
Hydrostatic analogy, 44, 51 
Hysteresis, dielectric, 54 
magnetic, 97 


I 

Ice-pail experiments, 49 
Ignition, 253 
Impedance, 267 
Incandescent lamp, 192 
Inclination (or magnetic dip), 87 
Induced currents, 233 

e.m.f., 234, 237 

Inductance in A.C. circuit, 267 

units ofj 246 

Induction coil, 247 
electromagnetic, 233 

- - electrostatic, 30, 31 

- ■ ■ magnetic, 3, 14, 95 

■ ■ mutual, 241, 243 

saHv 243 

Inductor, earth, 239 
Instrnmenis, damping ofj 176 
—— general principle of current- 
measnring, 176 
Insulator, 27 

Intensity of electric field, 37 

magnetic field, 17, 18, 19 

-■■ ■ • due to bar 

magnet, 82, 83 

magnetisation, 95 


Intensity total, of magnetic field 
of earth, 88 

Interference of signals, 258 
Internal resistance, 172, 224 
Interraptor, mercury jet, 249 
Inverse square law, electricity, 34 

magnetism, 15, 17, 

94 

Ion, 35, 145 

Ionio medication, 157 

theory, 144 

Ionisation, 35, 145 

Iron, magnetic properties of, 4 

ring, 9 

soft, and steel, comparison of, 

4, 97 

Isoclinio lines, 89 
Isogonal lines, 89 
Isotope, 157 

J 

Jacobi, 269 

Jar (Unit of Capacity), 52 
Joule, 128 

— i — definition of, 132 
Joule’s equivalent, 133 
law, 133 

K 

Kathode (Cathode), 143 
Keepers, magnetic, 12 
Kelvin (Sir William Thomson), 89, 
179, 182 

Kilowatt-hour, 136 
Kilovolt, 62 

Kirchhoffs first law, 101 


L 

Laminations, use of, 266 
Lamp, carbon arc, 191 

filament, 192 

>' coiled-coil, 193 

efficiency of, 194 

— - - gas-filled, 193 
half-watt, 193 

— incandescent, 192 

— — mercury vapour, 195 

metal filament, 193 

neon, 196 
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Lead-add accumulator, 169 
Leakage flux, 122 

factor of, in magnetic circuit, 

122 

Ledanehe cell, 165, 225, 228 

Barbier cell, 166 

Left-hand rule, 73 
Lenz’s Law, 237, 242 
Leyden jar, 58 
Lining magnet, 14 
Light and resistance, 119 
Lightning conductor, 41 
Lines of force, electric, 32, 33 

magnetic, 5, 6, 20 

plotting, 7 

Linkages, 238 
Litzendraht wire, 268 
Loading coil or choke, 267 
Local action, 163 
Lode-stone, 2 


M ' 

Machine, the Wimshurst, 60 
Magnet, artificial, 1 

ball-ended, 6, 16 

bar, 1 

electro, 1, 2 

field, of dynamo, 260 

horse-shoe, 1 

lifting, 14 

natural, 1 

oscillating, 90 

permanent, 1 

polarising, 267 

poles, 2, 21 

Magnetic axis, 2 

circuit, 120, 122 

classification of substances, 97 

dip, 87 

elements, 89 

field, 71 

of circular coil, 71 

— comparison of, 91 

of solenoid, 71 

— — - straight conductor, 68 

strength (or intensity), 

of, 17, 18, 19 

flux, 120, 237, 238 

— • — hysteresis, 97 


Magnetic induction, 3, 95 
intensity, 17, 19 
' _ 12 
lines of force, 5, 6, 20 

measurements, 81 

meridian, 3, 86 

moment, 81 

— ■ — moments, comparison of, 91, 
95 

needle, 3, 7 

pole, definition of unit, 1 6 

pull, 14 

saturation, 96 

shielding (screening), 8 

shunt, 188 

Magnetisation, intensity of, 95 

methods of, 12, 13, 14 

— — residual, 97 
Magnetising field, 95 
Magnetism, inverse square law of, 
15, 17 

• ■- molecular theory, 10 

terrestrial, 86 

Magnetometer, 94 
Magneto, 253 
Magnetomotive-force, 121 
Manganin, 215 
Maxwell, 12J 
— — Clerk, 69 
Measurement of current, 176 

e.m.f., 225 

energy, 229 

high resistances, 221 

— — voltages, 61 

low resistances, 209 

magnetic flux, 238 

resistances, 203 

Mechanical equivalent of heat, 133 
Megger, 222 

Mercury vapour lamp, 195 
Metal filament lamp, 193 
Metallised surfaces, 154 
Meter, Bastian, 230 

clock, 229, 231 

electrolytic, 229, 230 

— — Ferranti, 230 

household, electricity, 137 

motor, 229, 230 

Metre, Bridge, 207 
Meridian, magnetic, 86 
Micro-farad, 52 
Microphone, 114 
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Microtelephone, 115 
Molecular theory of magnetism, 10 
Moment, magnetic, 81 
Moments, magnetic, comparison of, 
91, 95 
Moseley, 26 

Motor, electric, 253, 269 

back e.m.f. of, 271 

principle of, 269 

— - — starter, 271 

synchronous, 270 

- — - meters, 229, 230 
Moving coil ammeters, 185 

galvanometers, 181 

— — theory of, 183 

_____ voltmeters, 187 

iron ammeters, 186 

____ voltmeters, 188 

needle galvanometer, 178 

' Multiplier, condenser, 62 
Mutual inductance, unit of, 246 
— — induction, 241, 243 

N 

Negative charge (electron), 11, 23 
Neon lamp, 196 
Neutral points, 8 
Newton, 16, 72 

Nickel-iron alkaline accumulator, 
173 

NobiE, 178 
Non-conductors, 27 
Non-inductive winding of resist- 
ance coils, 214, 247 
Nucleus, 25 

O 

Oersted, 68, 121 
Ohm, G.S., 65 

definition of, 65 . \ : 

Ohmefcer, 222 , * .. •»; 

Ohm’s law, 65 ■ •. *. * x ‘ - % 

Oscillation of a magnet, 90 


Parallel arrangements of, conden- 
sers, 55’ 

, resistances, 100 

plate condenser, 53 


ParamagnetioB, 97 

Paschen galvanometer, 179 

Pasted plates, 171 

Peak (or crest) value of current, 263 

Period of A.C., 263 

Permanent magnets, 1 

Permeability, 9, 16, 96, 243 

-- — tuning, 123 

Phase, 266 

Photo-electricity, 119 

Photometer, 194 

Plants, 170 

Plates in lead accumulator, 171 
Plating of metals, 153 
Platinum resistance thermometer, 
219 

Plug key, 119 
Points, action of, 40, 61 
Polarisation, 162, 163 
Polarising magnet, 257 
Polarity, law of induced, 4 

magnetic, test for, 5 

Pole, magnetic unit, 16 
strength, determination of, 

Poles, 2, 21 

of cell, 166 

consequent, 5 

Positive plate of accumulator, 171 
Post Office Box, 208 
Potential, 43 

difference (P.D,), 45, 65 

, hydrostatic analogy, 44 

— — at a point, 46 

units of, 133 

Potentiometer, 227 
method of measuring, resist- 
ance, 209 



coil, 241 

Proof plane, 30, 48 
Protons, 25 
Pull, magnetic, 14 
Pyrometer, 219 
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Q 

Quantity efficiency of an accumul- 
ator, 172 

of electricity, 35, 64, 133 


R 

Radial field (magnetic), 183 
Reactance, 267 
Rectifier, 197, 258 
Reduction factor of tangent gal- 
vanometer, 149 
Relay, 119 
Reluctance, 121 

Remanent or Residual magnetism, 

97 

Resistance, 65, ICO 

ballasting, 192 

of a cell, measurement of, 224 

coils and boxes, 214 

— - — — of contact, 114 
high, 221 

internal of accumulator, 172, 

224 

— and light, 119 

liquid, 117 

measurement of, 203 

in parallel, 100, 102 

and pressure, 114 

in series, 100 

specific, 211 

starting, 271 

— -• and temperature, 215 

graph of, 216 

thermometry, 218 

unit of, 65 and Appendix 

'wire, 116 

Resistivity, 211 
Retentivity, 4 
Rheostat, 115 

carbon, 116 

Right hand rule, 260 
Ring, iron, 9 

Robison bail-ended magnet, 6, 16 
Root Mean Square (R.M.S.) value 
of current, 266 

Rotating coil in magnetic field, 260 
Rotor, 264 

Ruhmkorflc induction coil, 247 
Rutherford, 25 


S 

Saturation, magnetic, 1C, 96 
Schweigger, 178 
Screening, magnetic, 8 
Seamless tubes, manufacture of, 155 
Search coil, 239 
Searchlight, Sperry, 192 
Secondary cell, 170 

coil, 241 

Selenium cell, 119 
Self-inductance, unit of, 246 
Self -induction 243, 245 
Sensitivity of a galvanometer, 178, 
184 

Series arrangement of cells, 108 

- > condensers, 55 

— — — — resistances, 100 
Shielding, magnetic, 8 
Ship’s magnetism, 90 
Shunt, resistance, 105, 108 

magnetic, 188 

Short-circuited, 117 
Siphon recorder, 182 
Skin effect, 267 
Sliding contact rheostat, 116 
Slip-rings, 262 
Solenoid, field due to, 71 
— pull on iron core, 185 
Spark gap, 61, 249 
Specific inductive capacity, 35, 53 

resistance, 211 

definition and unit of, 

211 

Split-ring, 262 
Standard cell, 168, 225 

volt, legal definition, Appendix 

Starting resistance of motor, 270 
Stator, 264 

Step-down transformer, 251 
Step-up transformer, 251 
Straight conductor, force on, 72 
Strength of magnetic field, 17, 18, 19 
Sturgeon, 182 

Substitution method of determining 
resistances, 205 

Sum and difference method of 
measuring e.m.f., 225 
Surface density of charge, 38, 39 
Susceptibility, 4, 96 
Synchronous motor, 270 
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T 

Tangent galvanometer, 179 

reduction factor, 181 

determination 

of, 149 

law, 93 

magnetometer, 94 

Tapping key, 118 
Telephone, 255 

hand-micro, 115 

- ■ receiver, 256 

transmitter, 115 

Temperature coefficient of resist- 
ance, 217 

measurement, 217, 220 

Terrestrial magnetism, 86 
Test of polarity, 4, 5 
Thermometry, resistance, 218 
Torque of motor, 270 
Transformer, 250 
— — efficiency of, 252 

energy losses in, 252 

types of, 251 

uses of, 251 

Transmission line, 257 
Tungsten, 220 

U 

Ultra-violet, 195 • 

Unit charge, 35 

r- of current, 64, 79, 151 

of energy, 133 

— — pole, 16 

of potential difference, 45, 133 

of power, 136 

of quantity, 133 

— « — of resistance, 65 


V 

Vacuum lamp, 192 
Variable condensers, 59 
Volt, 46 


Volta, 46, 146 

Voltages, measurement of high, 61 
Voltaic cell, 160 
- '■ pile, 160 
Voltameter, 143 

copper, 148, 149 

gas, 144 

silver, 150 

Voltmeter, electrostatic, 62 
— — moving coil, 187 

iron, 188 

principle of, 184 

— — series resistance of, 113 


W 

Water analogy, 44, 51, 66 

voltameter, 144 

Watt, 136 

— — definition of, 136 
Wattmeter, 140 
Weber, 10, 16 
Welding, aro, 201 

electric resistance, 200 

Weston -cadmium cell, 168, 225 
Wheatstone Bridge, 206 
Wimshurst machine, 60 
Winding, non-inductive, 214, 247 
Windmill, electric, 40 
Wire, Litzendraht, 268 

resistances, 116 

Work, 132 
unit of, 132 


Y 

* 

Yoke, 121 


Z 


Zinc nlaidng, 154 
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